Avrupa Bilim ve Teknoloji Dergisi European Journal of Science and Technology
Ozel Say1 28, S. 766-770, Kasim 2021 P, Special Issue 28, pp. 766-770, November 2021

© Telif hakki EJOSAT a aittir LAl Copyright © 2021 EJOSAT
Arastirma Makalesi www.ejosat.com ISSN:2148-2683 Research Article

Modeling and Vibration Suppression of a Flexible Structure in
SimMechanics

Mehmet Uyar!”

" Bayburt University, Faculty of Engineering, Departmant of Mechanical Engineering, Bayburt, Turkey, (ORCID: 0000-0003-3511-7682), mehmuyar@gmail.com

(1st International Conference on Applied Engineering and Natural Sciences ICAENS 2021, November 1-3, 2021)
(DOI: 10.31590/¢josat.1011316)

ATIF/REFERENCE: Uyar, M. (2021). Modeling and Vibration Suppression of a Flexible Structure in SimMechanics. European
Journal of Science and Technology, (28), 766-770.

Abstract

In this work, modeling and simulation of a flexible cantilever beam are investigated in SimMechanics and then, vibration results are
verified with the finite element (FE) model in ANSYS. Flexible beam model based on SimMechanics is created in MATLAB, while the
FE model is established in ANSYS. In the system, inputs are determined as a force base actuator and disturbance force. Outputs of the
system are selected as displacement and acceleration responses at the endpoint of flexible beam. Undamped natural frequencies are
determined by modal analysis in ANSYS and frequency analysis in MATLAB. Transient analyses are achieved to obtain the vibration
responses. For the open loop responses, the displacement and acceleration vibration results are verified using step and harmonic
excitations. The closed-loop control with PID controller is applied to the FE and SimMechanics models to control the endpoint position.
The open and closed-loop vibration results are indicated for different controller gains. It observed that open and closed-loop results are
successfully matched well with the FE model and SimMechanics. The accuracy of flexible beam model based on SimMechanics is
verified with the FE model.
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SimMechanics ile Esnek Bir Yapinin Modellenmesi ve Titresim
Sonumlemesi

Oz

Bu galismada, SimMechanics'te esnek bir kirisin modellenmesi ve simiilasyonu incelenmis ve ardindan ANSY S'te sonlu elemanlar (FE)
modeli ile titresim sonuglart dogrulanmistir. MATLAB'de SimMechanics tabanli esnek kiris modeli olusturulurken, FE modeli
ANSY S'de kurulmustur. Sistemin girdileri, bir kuvvet tabanli uyarici ve bozucu kuvvet olarak belirlenir. Sistemin ¢ikiglari, esnek kirisin
ug¢ noktasindaki yer degistirme ve ivme sinyalleri olarak segilir. Soniimsiiz dogal frekanslar, ANSYS'de modal analiz ve MATLAB'da
frekans analizi ile belirlenir. Titresim cevaplarini elde etmek icin gecici analizler yapilir. A¢ik dongii cevaplari igin, yer degistirme ve
ivme titresim sonuglari, adim ve harmonik uyarilar kullanilarak dogrulanir. U¢ nokta konumunu kontrol etmek i¢in FE ve SimMechanics
modellerine PID kontrolorlii kapali dongii kontrol uygulanir. Agik ve kapali dongii titresim sonuglari, farkli kontroldr kazanglart igin
belirlenmistir. A¢ik ve kapali dongii sonuglarmin, FE modeli ve SimMechanics ile basarili bir sekilde eslestirildigi gézlemlenmistir.
SimMechanics tabanli esnek kiris modelinin dogrulugu FE modeli ile dogrulanmustir.

Anahtar Kelimeler: Esnek kiris modeli, Sonlu elemanlar modeli, Harmonik uyarim, SimMechanics.
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1. Introduction

In many engineering areas, flexible structures are commonly
used, such as, in particular, robotic systems and aerospace
components designed for less weight structures (Mirafzal,
Khorasani and Ghasemi, 2016). Dynamic modeling of flexible
structures is more critical in these applications due to less rigid.
Also, these structures are more sensitive to dynamic forces.
Therefore, the modeling and vibration analysis of flexible
structures are an important step to verify with the experimental
studies. In many studies, the varied analytical approaches have
been used to determine their dynamic behavior.

For simple vibration analysis, modeling of continuous
structures such as beams can model as lumped mass model
(Simeng et al., 2016), which are a series masses in a multi-degree
of freedom system. Nevertheless, the accuracy of these models
has limited (Meirovitch L, 2001). Some researchers offered new
techniques to model the dynamic characteristics of a beam.
Whalen (Whalen, 2008) modeled the transverse vibrations of the
beam structure using Euler-Bernoulli beam theory, which ignores
the possibility of coupled torsional-flexural bending motions.
With similar analytical method, the characteristic equation of two
separate beams, that is a function of eigenvalues, its sectional
flexibility and the position of crack is obtained by Lin (Lin, 2004)
using the Timoshenko beam theory. In Ref. (Shafiei and Khaji,
2011), an analytical method which is assume to support
Timoshenko beam theory is developed by Shafiei and Khaji in
order to evaluate the forced vibration response of beam with
sectional flexibility.

The finite element method (FEM) that is one of the numerical
methods, has been widely used for the dynamic modeling of
flexible structures. Summarizing the works done, Zeng et al.(Zeng
et al., 2017) modeled a cantilever beam by using FEM and then,
studied the dynamic characteristic analysis of beam occurred in
different crack types. Won et al. (Won, Lee and Chung, 2018)
presented the dynamic responses of the stick-slip vibrations of a
beam by applying the harmonic base excitation. FE method is
used to model the dynamic behavior of the beam. Also, Mirafzal
et al. (Mirafzal, Khorasani and Ghasemi, 2016) developed the
equation of motion of a cantilever beam using the discrete
standard formulation. In Ref. (Altunisik, Okur and Kahya, 2017),
for numerical solutions, the FE model of a cantilever beam with a
hollow circular cross-section is created in ANSYS. A detailed
study is presented by authors on the vibration-based damage
detection and modal parameter identification. Also, for the
dynamic and static analysis of beam structures, Dona et al. (Dona
et al., 2015) presented a beam FE model able to simulate such as
longitudinal, rotational and transversal elastic spring. Castel et al.
(Castel, Vidal and Francgois, 2012) developed a macro-finite-
element (MFE) modeling method to calculate the deflection of the
reinforced concrete beam.

Because of less rigidity of the flexible beams, unwanted
vibration control is a critical step for performance criteria in many
engineering applications. In literature, as presented in Ref.
(Mirafzal, Khorasani and Ghasemi, 2016), vibration control of a
cantilever beam is done with the active control method utilizing
both a genetic algorithm and discrete quadratic function. Alhazza
et al. (Alhazza, Nayfeh and Daqaq, 2009) improved the controller
with acceleration signal as feedback to minimize the vibrations of
a beam utilizing an actuator and sensor. With a novel control
method in Ref. (Chen, Cai and Pan, 2009), an experimental study
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of a flexible plate is presented employing delayed-feedback
control for effective vibration suppression.

In literature above, many studies have been studied on
numerical and analytical methods to model the dynamic
characteristics of flexible structures. Especially, the FE method is
widely used for dynamic modeling of the beam. However, it is
limited, or none studies on the modeling of flexible structures in
flexible beam model based on SimMechanics, in particular for
rigid structures, SimMechanics is commonly used. In this work,
both the FE model and SimMechanics model of a flexible
cantilever beam are studied in open and closed-loop system. The
FE model is created in ANSYS while SimMechanics model is
established in MATLAB/Simulink. The accuracy of the
SimMechanics model is verified with the FE method by using step
and harmonic excitation. Performance of numerical models is
investigated with the uncontrolled and controlled vibration
results.

2. Flexible Beam Model by SimMechanics

The flexible beam model of a cantilever beam considered in
this study is created with the block diagram by using
SimMechanics library in MATLAB/Simulink. The block diagram
for SimMechanics model is shown in Fig. 1.
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Fig. 1 Flexible beam model

SimMechanics model shown in Fig. 1 consists of five main
sections: reference frame, flexible beam element, rigid
transforms, inputs and outputs. Reference frame is used to
describe the flexible cantilever beam model in general coordinates
at x, y, z-axis and, it is selected as reference point of transform
sensor. Also, reference frame in block diagram is connected to the
general flexible beam element. Flexible beam element can use to
model the beam that has linear, elastic bending, axial and torsional
deformations. Each flexible beam element has connection and
reference frames called A and B to connect the other blocks. The
connection frames are located at the endpoint of the beam element
while reference frames which is the internal reference of the beam
element are placed to connect to the previous connection port. So,
general coordinate axes of the reference frame are moved from
port A to port B by the connection and reference frames. The
material properties and dimensions of the flexible beam are
defined in the flexible beam element. The material properties are
taken as the density of 7750 kg/m?, elastic modulus of 210 GPa
and poison ratio of 0.3. Dimensions of the cantilever beam are
chosen as length x height x width of 600x20x3.2 mm?>.

The flexible beam element uses the proportional damping
method to define the damping of the system. In the proportional
damping method, damping matrix is defined as a linear
combination of the mass and stiffness matrices by using mass
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a and stiffness B coefficients. Damping coefficients for flexible
cantilever beam are chosen as 04=0.133378 and =0.

In order to specify the positions of the actuator and sensor in
the system, rigid transform is utilized in block diagram of the
flexible beam model. Position of the control force Fc is described
with Rigid Transform 1 at distance 260 mm from the root while
Rigid Transform 2 is used to define the disturbance force Fd and
transform sensor at distance 10 mm from endpoint of the flexible
cantilever beam. Transform sensor which have two connection
port called reference point B and measured point F, is utilized to
measure the displacement and acceleration signals placed at the
endpoint of the system. Therefore, in the system, inputs are
defined as disturbance and control forces while outputs are chosen
as the displacement and acceleration signals obtained from the
transform sensor.

2. Finite Element Model by ANSYS

In this section, finite element (FE) model shown in Fig. 2 is
created to verify the SimMechanics model of a flexible cantilever
beam.

Z

Displacemtnt and
acceleration signals

Fig. 2 Finite element model

The FE model is established in ANSYS by using SOLID92
and MASS21 elements. SOLID92 element is used to model the
flexible cantilever beam as a solid model while MASS21 element
is utilized to define the payload of 0.054 kg at the endpoint of the
flexible cantilever beam. Payload is considered at a distance 10
mm from the tip point. For the FE model, the system has 2998
elements and 6676 nodes in total since element size is taken as 5
mm to generate the meshing of FE model.

3. Modal Analysis

In order to compare the natural frequencies of the FE and
SimMechanics models, modal analysis is performed. The first
natural frequencies which are determined using both ANSY'S and
SimMechanics, are obtained as 5.737 Hz for FE model and 5.737
Hz for SimMechanics model.

Time parameters of transient analysis are determined by
undamped natural frequencies of the beam. With the first natural
frequency by corresponding bending mode shape, the time step dt
is calculated as dt=1/5.737/20 s and settling time tson is taken as
20 s.

4. Verification of Open Loop Responses

In order to verify SimMechanics model, step and harmonic
excitations for open loop responses are applied to the FE model
and flexible beam model. Displacement and acceleration
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simulation results are shown in Fig. 3 for step input and Fig. 4 for
harmonic excitation.
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Fig. 3 Open loop responses for step input, a) displacement and b)
acceleration
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Fig. 4 Time responses for a-b) 5 Hz and c¢-d) 6 Hz harmonic
excitation, a-c) displacement and b-d) acceleration

Vibration responses are shown for step amplitude of 1 N and
harmonic excitations of 5 and 6 Hz. It is observed that the results
of flexible beam model are successfully matched with the FE
simulation. The fitness values (FV) of the root mean square
(RMYS) of vibration responses are calculated to observe how fit the
SimMechanics model according to the FE model. Firstly, RMS
values are calculated and then, FV is computed according to the
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reference RMS values. RMS values of the simulation results in
SimMechanics are considered for comparison. For step input, as
shown in Fig. 3, RMS and FV values are found as 6.3543x10"3
mm and 6.3289x103 mm, 99.61% for displacement vibration
response and, 2.7065 m/s?> and 2.7343 m/s%, 98.98% for
acceleration vibration response, respectively. For harmonic
excitations, those values are obtained as 99.98%, 99.94% for
displacement vibration response and 97.88%, 97.88% for
acceleration vibration response, separately. When the FV values
of vibration results are compared, the accuracy of SimMechanics
model is verified with the FE model in open loop system.

5. Closed-loop Responses by PID Control

The closed-loop block diagram is presented in Fig. 5. Fd is
disturbance force applied at the free point to excite the beam. The
vibrations y(t) during the excitation is occurred at tip point. y(t) is
simultaneously obtained as displacement signals at endpoint and
is defined as feedback. The PID controller is used for the closed-
loop vibration control. The controller gains that are proportional
Kp, integral Ki and derivative Kd coefficients, are determined by
trial-and-error method by considering the minimum settling time
and overshoot. The instantaneous error e(t) is computed by
subtracting the reference value from the feedback value. Then,
e(t) is applied to the controller as input. The actuation signal
achieved using the output of controller is used as control force Fc
in the block diagram. Fc is applied to the beam to reduce the
vibrations occurred at the endpoint.

Disturbance force, Fd

Controller

ref) + :e(t} Gl

Control forc,Ee. .............................................. )
——— 5 Fexibl Cantilever Beam ¥
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Fig. 5 Closed-loop block diagram

The controlled time responses shown in Fig. 6 are obtained
for various controller gains.
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Fig. 6 Closed-loop responses for step input, a) K,=100, K;=0,
Kq¢=0 and b) K,=100, K;=0, K¢=5

As seen from Fig. 6, controlled vibration responses are
presented for the FE and SimMechanics methods. Different
controller gains are studied. It can be seen from Fig. 6 that the
obtained vibration results agree well with the FE and
SimMechanics simulations. The amplitude of vibrations is
reduced with the PID controller. The settling time decreases by
the closed-loop control. Therefore, dynamic performance of the
flexible beam can be developed. The settling time of controlled
vibration responses according to open loop responses is
successfully minimized.

To compare the flexible beam model based on SimMechanics
with the FE model, FV values of closed-loop vibration responses
are calculated as 99.96% for K,=100, K;=0, K¢=0, and 99.95% for
K;=100, Ki=0, K4=5, respectively. For the displacement vibration
results, it is observed that the SimMechanics model is matched
well with the FE model in the closed-loop system.

6. Conclusions

The open and closed-loop systems for a flexible cantilever
beam are studied using the FE method and simulation based on
the SimMechanics in MATLAB. For open loop system, the
disturbance force is excited to the beam at endpoint. Displacement
and acceleration responses are obtained at the tip point of the
beam. Vibration responses of step and harmonic excitation are
presented for the displacement and acceleration results. For the
closed-loop system, displacement responses for step input are
obtained using the FE model and SimMechanics approach. The
effect of controller gains is investigated for displacement results
in the FE and SimMechanics models. Successfully, the unwanted
vibrations of beam are reduced by employing the PID control.
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