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ABSTRACT: In this paper, nonlinear vibration control of a plate is investigated using a nonlinear
modified positive position feedback method that is applied through a piezoelectric layer on the plate.
Based on the classical theory of displacement and strain relations with von Karman, intended equations
of motion for the smart plate have been obtained. In this model, transverse vibrations are studied and

supported. The plate is thickness symmetrical. Using the Galerkin method the temporal nonlinear

equations governing the system have been found. Then, the free and forced vibrations of the structure  Keywords:

with the nonlinear modified positive position feedback controller have been solved using the Method of | jinear Vibration Control

Multiple Scales to obtain an analytical solution. Results show that this controller reduces the amplitude
. . . . . . . . . . . . Smart Structure
of the vibration by inducing an increase in the damping coefficient. In addition, this provides a higher

level of suppression in the overall frequency domain response by increasing the compensator gain. Piezoelectric
Finally, the results of the analytical solution for the closed-loop nonlinear modified positive position ~Nonlinear Modified Oositive Posi-

tion Feedback Controller

Method Of Multiple Scales.

feedback controller are presented and compared with the result of the conventional positive position
feedback controller and nonlinear integral resonant controller. The results show that the performance
of the nonlinear modified positive position feedback controller is better than other controllers and

significantly reduces the vibration amplitude.

1. INTRODUCTION

Controllers are one of the most effective ways to control
linear and nonlinear vibrations. Hence, different control
strategies have been presented and utilized [1]. One of the
methods for nonlinear vibration control is to use active
control. The advantage of using active control is its real-
time adjustment according to the condition of the system and
alternations in the input disturbance force on the system. To
have the highest level of suppression in the vibration control
process, it is essential to design a controller compatible with
the nonlinear characteristics of the system oscillations. Linear
and nonlinear active vibration controllers typically employ
piezoelectric actuators [2]. Active vibration control is usually
applied using piezoelectric ceramics as actuators and sensors,
as an example, piezoelectric actuators are used in atomic
force microscopes to produce high-frequency vibrations
[1]. The researchers have presented the nonlinear vibration
control in numerous papers. Study of Pereira and Aphal [3]
ote> included a comparison between two different controllers.
Omidi and Mahmoodi studied hybrid positive feedback

control for active vibration attenuation of flexible structures.
The structure under study in that paper is a cantilever beam,
verified using numerical and experimental tests. Also, they
have investigated the implementation of a modified positive
velocity feedback controller for active vibration control

*Corresponding author’s email: shooshta@basu.ac.ir

in smart structures [4,5]. The purpose of this study is to
control the vibration suppression for a cantilever beam using
a modified positive velocity feedback controller. Zhang et
al. [6] also investigated nonlinear vibration suppression of
the piezoelectric layer using a nonlinear modified positive
position feedback approach. Tourajizadeh et al. [7] designed
the optimal control for damping the unwanted vibrations of
an electrostatically actuated micro-system. This configuration
consists of an electro-statically actuated micro-plate attached
to the end of a micro-cantilever. Vaghefpour et al. [§]
attempted to derive feedback control algorithms to track
a desired path of a piezoelectric size-dependent cantilever
nanobeam as a nano-actuator are developed. Marinangeli
et al. [9] presented the Active Vibration Control (AVC) of
a rectangular carbon fibre composite plate with free edges.
The plate is subjected to out-of-plane excitation by a modal
vibration exciter and controlled by Macro Fibre Composite
(MFC) transducers. Vibration measurements are performed
by using a Laser Doppler Vibrometer (LDV) system. Sepehry
et al. [10] use a novel semi-analytical method, called Scaled
Boundary Finite Element Method (SBFEM), to analyze free
and forced vibration of piezoelectric materials. SBFEM

enables to analyze any partial derivative equation in a semi-
analytical manner, however, with much lower computational
cost comparing with other numerical methods. Garcia-Perez

et al. [11] have reviewed asymptotic trajectory tracking
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and active damping injection on a flexible-link robot by
application of multiple Positive Position Feedback (PPF).
Azimi et al. [12] examined active flutter control of a swept
wing with an engine is carried out. The piezoelectric layers are
attached to the wing to control the vibrations. Andakhshideh
and Karamad. [13] studied analyzed the nonlinear dynamics
of non-classical Kirchhoff microplate and chaotic behavior
predicted and controlled by designing the robust adaptive
fuzzy controller. Zhu et al. [14]dNote> introduced an article
based on the active control of nonlinear free vibration of
viscoelastic orthotropic piezoelectric doubly-curved smart
nanoshells with surface effects. To achieve efficient active
damping in the vibration control, a velocity feedback control
law is introduced to carry out the present study.

The purpose of this paper is to obtain the equations of
nonlinear vibrations and controller system for an elastic plate
with a piezoelectric layer that follows the classical theory
of Kirchhoff. In addition, von Karman’s nonlinear strains
have been used to investigate geometrical nonlinear effects.
This plate has a piezoelectric layer at its upper surface. This
layer actually is utilized to actively suppress the vibrations
of the plate. The external force applied to the piezoelectric
layer is divided into two groups: 1) the control force (Fc(t)),
the control force via the controller’s compensator will be
logged; and 2) the harmonic excitation force distributed
uniformly on the plate as the disturbance. The constitutive
equations for piezoelectric layer are utilized to implement the
effect of applied voltage into the electromechanical model.
Method of Multiple Scales is utilized for calculation of the
frequency response of the system and the controller. The
resulting modulation equations are, then, used to verify the
effectiveness of the proposed controller. Having the solution
for the controllers, results are graphically demonstrated and
discussed. In order to understand the performance of the
controllers in more detail, sensitivity analysis on the closed-
loop system responses is performed and the influence of each
parameter on the control output has been investigated. To
validate the plate equations created, the system is investigated
in Ansys simulation. The results show that the frequency
obtained with an acceptable error is close to the analytical
value. The study of non-classical nonlinear active controllers,
where actuators were designed using piezoelectric materials
for nonlinear control of the system, in the past considered
only for beams. As a result of the innovation in this paper,
the use of non-classical nonlinear active controllers for sheets
has not been analyzed to date, and most of the controllers
used for sheets have been classical. Also, in the obtained
plate equations, the effect of piezoelectric layer has been
applied in the equations. In the previous paper, the beam

equations have been used solely as a control force / ¢ () as
a piezoelectric effect. It should also be noted that the new
controllers discussed in this paper greatly suppress jumps in
the resonance zone.

2. MATHEMATICAL MODELING OF THE
STRUCTURE

In this section, the nonlinear dynamic model of the
structure is investigated. The structure is composed of
two layers of square plates, a substructure layer, and a
piezoelectric layer with different thicknesses on top of the

substructure, as shown in Fig. 1. It is assumed that the 7 and

s are thicknesses of the piezoelectric layer and substructure,
respectively. Also, as shown in Fig. 1, is the side length of
the plate. The origin of the coordinate system is placed on
the corner of the middle plane of the substructure layer. The
boundary conditions of the plate are considered as simply
support and UV and W are the displacement of the plate in
the *>Y and Z directions, respectively.

The structure is assumed to be thin; ¥ is the change in
direction ¥ *V change in direction? and W change in direc-
tion Z . Classical Plate Theory (CPT), known as Kirchhoff
theory of displacements is defined as follows [15,16]:

B __[ow,
u(x.y.z)=uy(x.v.2) Z(@x ) (1)
v (0,2 ) =, (3,7 )2 | 20 @)

7y9 —vo 9y’ ay

w(x,y,z):wo(x,y,z)

Uy,V o W . .
where ~ 07" 027" 0 are the displacements along the coordinate

lines of a material point on the mid-plate.

. u \% .
The deflections ~%and ~ Oare associated to the

. . . 4w
extensional in-plane deformation of the plate, while =~ 0
denotes the transverse deflection [16]. For the assumed
displacement field according to Kirchhoff’s assumptions in

ow
y oz = 0 .
Eq. (1), Z hence the strain is defined as follows:
0 1
XX gxx gxx (2)
0 1
»w &y (TZ298)
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The shear and tensile strains in the z direction are assumed
ero. In Eq. (3),
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Fig. 1. The symmetric unimorph piezoelectric plate
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Note that the introduced strains in Eq. (3) are known as
"}
von Karman strains in which { is the membrane strain

1
'}
and { is the bending strain.
The constitutive equations of isotropic piezoelectric
materials can be written as [17,18]:

(o} =[0)(e}-[e{E} o
{D}y=[e] {e}-[¢]{E)
where 34T} i W e the electric field, vectors of
stress and electric displacement and €] are the permittivity
coefficient, respectively, 0] matrices of plane stress—reduced
stiffness and e]piezoelectric coefficient. Superscript 1

denotes transpose of the matrix.

Also,

O, 9, O 0 0 ey
0= le Q22 0 e=0 0 €3
0 0 O 0 0 O
(5)
g 0 0
T
£=|0 &n 0 {Ee}:{_l//)wwy’_l//z}
0 0 &

In isotropic materials, the above coefficients are expressed
as follows:

E
0,=0, :1—92 0, =vQ, -Q66 =G, (6)

E
E,=E, ,=E, v, =v,=v G,=—""=
el e2 e 1 2 12 2(1+V)
where €are the elasticity modulus; Y is the large

Poisson’s ratio; and  !2 is the shear modulus.

Here, linear distribution of the electric potential and the
thickness are assumed. For the materials examined in this
study, the electric field has a significant effect on the thickness

direction [15]. The z-direction electric field, — # and that is

_oy

z
defined as 0z Vs the electric potential. The
electric field is obtained to get the electric potential. In the
process of solving these equations, it is necessary to substitute
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Table 1. Properties of silicone isotropic plate

Symbol Variable Unit Value
Density kg/m? 2330
Py
‘9s Poisson’s ratio - 0.27
E Young’s modulus GPa 160
S
hs Thickness m ho= 2H
s
3
Table 2. Properties of isotropic piezoelectric layer (Barium titanate (BaTiO3))
Symbol Variable Unit Value
Density kg/m? 5800
Py
Poisson’s ratio - 0.4639
1917
Young’s modulus GPa 130
E D
hp Thickness m hs _ i
3
Dielectric coefficient nC/V 12.6
€33
Piezoelectric coefficient C/m? -4.4
€3 =€
Table 3. Comparing results
Mod number: mn Ansys Analytical Solution Error%
1.1 8.96 9.36 42
1.2 37.057 37.11 0.14
1.2 55.59 56.63 0.018
1.3 80.03 83.55 42
the matrices expressed in Eq. (5) into Eq. (4). As a result, the or
axial forces and moments are defined in terms of electrical |
potential. The equilibrium equation is used to determine the — _(_e W —ew ) 7+ 9
unknown functions [19]. The electro state of the plate layers Vs 0, 3 Ooxx 32 Oy Vo ©)

is governed by the Gauss’ law for electrostatics, where k

denotes the kth layer, which are: where are the integration constants which are determined

by enforcing the electric interface continuity conditions, i.e.

(k) (k) (k) _ 7
Dx’x +Dy’y +Dz,z O ( ) l//(k)(x ¥ h )=l//(k+1)(.x y h )

By substituting the value of the vector D in Egs. (4) and 272k 272k (10)

. o . W
(7), a linear equation is formed in terms of " *** k k+1
D! )(x,y,hk)zDz( +)(x,y,hk)
! 8
V.= (_e3lw 00x —€32W o ) (8) and the electric boundary conditions at the top surface of
3 the laminate which are taken to be:
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Fig. 2. displacement plate in Ansys
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Fig. 3. Time-domain diagram of the NMPPF and NIRC and PPF controlled system
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l,y(x,y,—h/2)=0 l//(x,y,%)=v (11)

3. EQUATIONS OF MOTION

Using Hamilton’s principle, equations of motion of the
plate based on classical theory and von Karman strain—
displacement relation can be obtained as [20]:

N, ON, & o° (ow
xx+ X, :I 0_[ 0 12
*or? 1at2[axj (12

aN5,+aNﬁ)zloa%0_] az[awoj

ox dy o o\ oy
azMxx aZMxJ’ aZMyy i
ox oxdy oy oOx

8VVO

Y ox

N o, +N, o, +i N
ox Yoy oy

+q (x,y,t)

pag ay

62 2 a a 2 62
:[044_[16_2 ﬂ_kﬁ _]28_2 W20+
ot ot-\ ox Oy ot~ \ ox

. o I. =(i=12,3
where 4 is the external excitation and * ¢ ( ,2,3)
are the mass moment inertias and can be expressed as

1 1

0 N
hk +1
1, :Zjh z ppdz (13)
k=1~ "* 2
I, z
1 . . L
where ~2°"" is the rotational inertia and layer numbers.

N_.,N . M M
XTI TN are in-plane forces Y7 T W are
moments, which can be expressed as
N)CX N h GXX
k+1
Nyy - Zjhk Oy dz (14)
k=1
ny Xy
MXX N 5 O-XX
k+1
M, _ZIM L tzdz (15)
k=1
M N o,

Replacing Egs. (2), (4) in Egs. (14) and (15), the following
relations are developed,

N 6W0} +| Dy D22
+

2
ow,

ay2

N, 4, 4, 0 gfx
N, t=|4, 4, 0 [{&
N, 0 0 Agle
| . (16
B]l B12 0 gxx XX
+ B, B, 0 |J&,(—1N;,
0 0 B66 )lcy ;y
Mxx Bll B12 O g)(c)x
M, =B, B, 0 s,
M., 0 0 Bglle,
_ _ (17)
Dll D12 0 ix M;x
=Y =% 1 e
_0 w [ Myy
0 0 Dglle, M,
where
_ Nk
|52 EF ol
k=1 2
N
(Ve y =Y [ (12 e (E e (19
k=1~

The axial motions in X and  directions have been
considered negligible and only transverse vibration has been

2
ov,
2
investigated; therefore, both in-pla)ne accelerations ot
o’u,

2
and O!"  can be ignored [21]. We also ignore rotational
inertia. Therefore, Eq. (12) can be rewritten as:

ON ON ON
ON ., pw g (T (20)
Ox oy Ox Oy
ow
N, —2+
OMy, My FMy o e T o
ox 2 Ox dy oy ox ow oy
N,
oy
ow o*w
N, =% —r
xy d 62 62 o 2
T R B A A Y
N oot dw,
Yy ay 6y2

By introducing Airy stress function ¢ , in-plane relations
can be defined as follows
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82¢ 2 2
N, =727 pe. Al*,a(/’+A*a¢’+A Ne,
oy S ox?
N - o’p o +A1*2Ne
» T o2 21
> o |45 6¢+A;26¢+A2N
__O9p 5 oy’ ox? (26)
xy X *
4 Ox Oy +ARN ¢,

24" ? [ % [ owy Ow, 0w,
P?e.sented relations ‘in Eq. .(21) satisfy the . first tyvo +=Aeo ox oy | ox dy | ox oy B oy? ox?
conditions of Eq. (20). Airy function can be determined using

the following compatibility condition: o ) ) ) ]
By substituting obtained equation for ** from Eq. (26) in

ot 628)?y 5zgfx ow 0 : Eq. (25), a nonlinear equation for transverse plane vibrations
o 2 T ox v oy’ | o oy is obtair}ed. A .boundary con.dition is required to sglye Eq.
, , 22) (24). It is required to determine the boundary conditions of
O'w, 0w, the problem to derive Erie’s stress function and the plate
_6x—26y—2 transverse deformation. Here, boundary conditions are

considered as a simple support. Therefore,

Also, Eq. (16) can be rewritten as: wo=vy=M, = ny =0 atx =0

* * * (27)
&) _ 4 ) B (N . 4 ) O3 wo=u,=M =N_ =0 ax =0,
According to the boundary conditions ~ 9 can be defined
(23)
{N e } as Equation (28):
M@
x sV t zzwmn X,y ) =
where . ntmel (28)
(nmx . (mmy
£ W (t )sm ( jsm (—j
A =4 ;; a b
B'=-A"'B =0,,, =[0] (24)

where M and 7 refer to the vibrational mode number

and the time variable W’”” () related to the transverse
deformation. According to Eq. (3), Eq. (28) can be rewritten

Substituting Eqs. (17), (21), (23) and (24) in Eqs. 20) o %0404 V0 o

D" =D —-BA'B

and (22),
2
a 1(ow
u, =J.og’?x —E(a—oj dx =0, aty =0,b
X
_ 9%c ‘ _ 0% _ 93! _ %!
Dy ——+Dy, yzy +Dy, 5+ Dp yzy a (29)
ox ox oy j N dx =0 aty =0,b

” 5 62 1 62§0 aZWO ~ azw azwo 25 )
66 6x8y 6y2 ox? oxdy dxdy 25) y :J.bgo _l(awoj dy =0 atx =0,a
oW 9 " > ’
g w, 0 dw,
4| = + +q(X,)/af)
Oox0y oxdy  ox° 6y2

J‘Znydy =0 atx =0,a

2 2 2
= ]OM_ I,— 0 % Substituting Eq. (28) in Eq. (26) and using boundary
ot? o’ ox 2 oy’ conditions of Eq. (29), Airy function can be determined by
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two particular ((Dp )and homogeneous (qoh ) solutions as

The Airy stress function is expressed in Appendix A. By
substituting obtained solution for Airy function in Eq. (25) and

. ((nﬂj j . ((mnj j
sin| | — |x |sin 5 v
multiplying both sides in a ,

then integrating over the surface of the plate (applying
Galerkin method), nonlinear temporal equations can be
expressed as

ZW ()+Z W (t)+Z 9 (t)+Z,q =0 (31)
Units for coefficients of Eq. (31) have been shown in

appendix B. Finally, Eq. (31) is rewritten as

W (t)+w\iW(t)+dW3 (t)+ﬁWW (t)=1:“cos(£~2t) (32)

The coefficients of these equations are have been defined

g2z o B pils (33)

For Eq. (32), 7V (©)

W)

is the time-dependent variable and

is a nonlinear ODE that has a third-order nonlinear

term. ¥ and €2 are the excitation amplitude and frequency.

& s the curvature nonlinearity coefficient. The control force

£, () , will be added to the equation. The control law that

. F (¢
connects the controller system to the main system. c( )
is proportional to feedback gains of compensators. T is the

damping term and the natural linear frequency of this system
2

is .

2

W consists of two parts of the natural frequency created
in the sheet with the piezoelectric layer and a coefficient of
the voltage created from the piezoelectric layer to the elastic

layer. The equation is created for the natural frequency of
2 2
w, =0 +sV S,. .
w " e where ~lis the constant coefficient of the
voltage applied to the plate. Equations in reverse piezoelectric
mode apply the initial voltage from the piezoelectric layer

to the system. Also, a damping term has been added to Eq.

(32) in form of =24, ®, where Thy is the damping
ratio. It should be noted that the unit is Eq. (32) Newton’s

[kg.% } |

For dimensionless Eq. (32), need new dimensionless

variables u,r that are defined as
T =t (34)
w
U="—
h (35)
as a result

U+U +aU*+n,U =F cos(Qt)+F, (t) (36)

where
7 h’a F Q
= ’a = , F =, Q = — (37)
M )

where U(t) is a nonlinear ODE equation normalized,
which has third-order nonlinear terms.

4.VALIDATION OF THE DESIRED MODEL

In this section, using the finite element modeling of an
elastic plate with a piezoelectric layer, the presented analytical
method is confirmed. To verify the model review, the natural
frequency of the structure obtained by analytical study, with
the Ansys software finite element modeling are compared.
The properties of the elastic plate and the piezoelectric layer
are presented in Tables 1 and 2.

A double-layer plate made of Barium titanate material
as a piezoelectric layer and silicone as a sub-layer has been
created in Ansys. The model for this solution is the square
silicone plate. Dimensions of isotropic plates are 40 x 40 cm,

. . h, = . :
silicone layer thickness = * cm and piezoelectric layer

thickness 7 cm. In the model created after meshing,
all four sides of the plate are limited by a simple support.
The first four natural frequencies are given in Table 2 The
first three eigenmodes of deformation of the plate is shown
in Fig. 2.

By investigating the frequencies obtained by analytical
solution, and comparing it with the simulation method, it can
be seen that the results of both methods are similar, which
shows the validation of the analytical method.

5. NONLINEAR CONTROLLER DESIGN AND

COMPARISON

In this section, the Nonlinear Modified Positive Position
Feedback (NMPPF) controller will be designed and applied
to the smart plate model developed in Section 2. In addition,
to evaluate and compare the controllers performance. Two
other controllers i.e., Positive Position Feedback (PPF)
and Nonlinear Integral Resonant Controller (NIRC) will
be applied to the smart plate. The dynamical model of the
nonlinear system is defined in Eq. (36). To assign a PPF
control to the smart-plate, the following control model is

utilized [22]
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V()+nm.9 (1) +wpy (1)=24,U (1) (38)

where ¥ ) isapositive position feedback controller variable.

=2Uu W
In this equation, the attenuation coefficient is, M Hp @y

, in which * 7 is the damping ratio, and 7 is the positive

is the controller gain,

F(t)=k,» (1)

feedback controller frequency. 7
and feedback loop is closed by setting

k, >0
in Eq. (36), for 7 . Where 7 positive scalar feedback
gains of first-order compensator. The NIRC controller model
is expressed as [23]

Vi(t)+amy (1)=AU (1)-6°U*(t) (39)

[0)
where ¥ @) is NIRC controller’s variable, ¢ is the first-

order integrator’s frequency.ﬂ“ and 5are the controller

F =zv(t
input gains. The control law is defined as ~ ¢ v ( ) for
7, >0

The NMPPF are designed as follows. This controller
includes a nonlinear second-order compensator and a linear
first-order compensator set in parallel. As the system is a third-
order nonlinear system, the third-order nonlinear expression
controller is considered in the second-order compensator [1]

F(t)+7,7 (1) + @7 (1) + 87 (1) =k.U () (40)

s()+o5(t)=kU(t)

where 7 () and S ) are compensatory first and
7, =240,

second order state variables, respectively.

Hy is the coefficient of damping, and ~ 7 is the

compensating frequency. 7 and ¢ are the inputs of the
control. The control law pertains to the modified positive
position feedback controls system in the main system of

Eq. (36) as F, (t)=2'rr(t)+2'ss (t); that are L and

& respectively, are first order compensator and second in a
closed loop system.

Fig. 3 shows linear and nonlinear feedback controllers,
including all three control methods for the closed loop system.
It should be mentioned that controllers are used one at a time
and not together as shown in Fig. 3.

6.NMPPF CONTROLLER FOR SMART PLATE
The method of Multiple Time Scales is used to find a

10

uniform nonlinear structure: the approximate solution to the
resonance structure [24]. The nonlinear system of Eq. (36)
under NMPPF controllers are defined as follows: analyzing
the nonlinear system of Eq. (36), which is governed by the
NMPPF controller of expressed in Eq. (40), we need new
dimensionless variable for controllers so Eq. (40) becomes
dimensionless like Eq. (36). The result is as follows

F+r+0r’+nr=kU

(41)
s+s=kU
where
~ 2 & g g
o, @, . o,

In the primary resonance case, excitation frequency( )

is assumed as follows Q=1+ €0y

To this end, two time-scales of Iy=t.I =¢t are
selected. Then, the time derivatives are defined as
d d? 5
—=Dy+eD|+..., —=D
a0 a0 (43)
+2eDyD, +...

a 2
Dn = a— E = ﬁ
where T, , and @) s a bookkeeping

parameter. Eq. (43) is substituted in Egs. (36), (41) that
results in

DEUy +2eDyDU, + 1y DU, +eny DU, +U, + U,

3 (44)
+aUy,+eU,) +...=f cos(Qt)+rrr +17,8,
Dir+2&DyDr +1,Dyr +en,Dyr +r +6r°

(45)
+...=kU,
Dy +éeDs +s+...=kU (46)
Parameters of the equations have to be
scaled; therefore, parameters are set as:
a=¢ea .k, zglg: Sk =l€ ,T, =57A, , T 282/';

U :‘C“’;;\' ,5:55‘1]’ :gf

Scaled parameters are substituted into the Egs. (44) to
(46), then the variables U@),r) and S () are expanded
by

U(eT,T,)=U,(T,T,)+ U, (1,T,)+..., @)
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r(eTyI,)=r,(T,T,)+er, (T,T,)+... (48)

s(eT,T))=¢s, (T, T,)+ &, (T,T,)+.... (49

By placing Eqgs. (44), (45) and (46) in Egs. (47), (48) and
1

0
(49) and ordering the result in terms of the power of ¢ , €

and € ? , the following differential equations are obtained.
0(&"): DU, +U, =0, (50)
Dlry+7,=0 (51)

O(&'): DU, +U, =feos (Qt)+2,1,+2,s,

-2D,DU,-n,DU,- U, , 2

Dozrl +n :]€on —2DDr,

. (53)
—1.Dyr, =07, .
Dys,+s,=k.U, (54)
o (82): D,s, +s, =k .U, +D.s, , (55)

2
The order € is considered for s only as function based on

1 2
Eq. (49) includes the orders of € and & .

U,=A(T,)e"™ +cc, (56)
r,=B(T,)e" +cc, (57)
Thus, 4 (Tl)’B (Tl)are complex parameters functions

that will be defined by deface the secular terms, also where

¢ L . . T
0domain is " 9, which is a function of function ~ 1.

A

5o =C(T,)e™ + sz (1-i)4(T))e™ +cc  (58)

Thus,C (Tl) is obtained in the next steps. At this step,
Egs. (56) to (58) are inserted into Egs. (52), (53): Ultimately,
the results are simplified as follows.

DU, +U,=%,B (T,)e"™ —(n,4 (T,)+2D,A (T,))

ie" +7, (C (T,)e™ +k75(1—i )A4 (Tl)eiTOJ (59)

A~

/

—aA4’ (T,)e"™ -3a474e"™ +Ee’>m0 +cc

Dgr, +r, =/€rA (Tl)eir°—$B3(T1)ei3T° (60)
~35B°B (T,)e"™ —(f,B (T,)+2D,B (T,))ie"

U

h

land "lare calculated using Egs. (59) and (60) in time

domain. Eq. (58) and U, have been substituted in Eq. (55)
for creating ODE equations to solve the equation. Moreover,
the term cc shows the complex conjugate function of its
preceding sentences.

For the system to have a bounded solution, it must be
considered zero to the secular terms. Applying this condition

to the expanded Eq. (55) and using U, , cay) is calculated
as
&
! 61
C(T,)=c,e ? 1)

C, . .
where ¢ is a constant. Next step is to sort Egs. (59) and
(60), and separate the secular terms,

_frB (Tl)ei"fT‘ + ]

N
A

st (a)s _i)A (Tl)

e =0, (62)

_(ﬁuA (T1)+2D1A (Tl))i

Lo a2 (1) A (1)3a

k,A(T,)e” " —=38B>(T,)B (T,)
—(n,B (T,)+2D,B (T}))i

eierO — 0’(63)

The solution to Egs. (62) and (63) is assumed in the polar
form of

1 i
A(1)=ga(r)e o

11
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Table 4. Numerical values of the main system parameters

Variable a 4, 7

Value 11.7 0.03 9.36

Table 5. Numerical values of the PPF controller parameters

Variable
ﬂ“ﬁ k P H, o, F
Value 1 1 0.002 9.36 0.09
0.5

— - =00 —-—1=009 = =103

Fig. 4. Frequency response of the uncontrolled system
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PPF controller
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Fig. 5. Frequency response of the PPF controlled
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1
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(@)
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a
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Fig. 6. Sensitivity analysis of the closed-loop PPF controlled system to control parameters. (a) damping coefficient ( M. ) ,
(b) control gain (lp ), (c) control gain (k » ), (d) voltage (V
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1 i
B () =3 (1), )

The real and imaginary parts will be separated and equal
to zero by placing Egs. (64) and (65) in Egs. (62) and (63)
The following equations are obtained.

Da(T,)=- T;{ ~a(T)) %Sm(f}?@ )]
+%’b (1)sin(o,1, 44, (T) -, (1)) 6
a(r)
_ﬁ 2 _ f Sy (Tl)
D¢, (T))= 24 (T)) 2a(T1)COS (r)
. 67
L (Tl)cos o, (T,)+¢, (T,) Tk, o
2(T)) £.(1,) >
D (1) =-"Teb (1) 45
2 (68)
(7,)sin((¢, (7)) -0,7, =<, (1))
D& (1) =20 1) el
8 2b (Tl) (69)

cos(({a (Tl)—O'rT1 -G, (Tl)))

Since all variables of Egs. (66) to (66) are time derivatives

T . . .
of * ! function. New variables are defined, as follows to obtain
the set of independent equation

0,(t)=0,t-¢,(t)and6, (t)=0,t +&, (t) =<, (1)
. by applying these changes, the modulation equation is
obtained as follows.

A

2 2
. (70)

0, = —ﬁa2 + L +
8
g . (71)
1 T
%Zcos(ﬁa)+—’zcos(0b )+o;

15

A

-7, k, . (72)

b=—2"b- sin( 6
b= esin(4)
6, = Eb2 +jilcos(t9a)+
8 2a

. ~ . . (73)
b _k.a cos (6, )__3a JERULE +0,

2a 2b 8 2

steady-state conditions are considered to obtain the
frequency response of the closed loop system. The coupled
equations obtained for the frequency are the response of the

main system and the controller domain.
N [(a k) fab|
f_‘ — 77_11 TS N a+ Trnr
2 2 2 2k .a
3G 5 Gk 3% 0% 7 (74)
8 2 8k, a k
2
O —0, |——0.a
( r f) a /
1
A2 2 |2 S 73
A2 b 38 b0 2
5| =t —=(0,~g, )= (79
R R S ¢ a

7. RESULTS AND DISCUSSIONS

This part has discussed the vibration range in the resonant
frequency region and the performance of the controllers in
controlling the vibration amplitude in the resonance region
are discussed and its details.

7.1. Open-Loop System Response Under Primary Resonance

It is necessary to provide an image of the system reaction
in an uncontrolled mode prior to studying the closed loop
system. The open-loop system is obtained from Egs. (74)
and (75). The values of the main system are given in Table 4
and the frequency response graph in Fig. 4. System behavior

is defined for the excitation force f =0.09 [N]. The jump
phenomenon is seen in the excitation range. The purpose of
the controllers is to diminish the maximum vibration range
in the frequency domain. Using analytical relations and
structural dimensions simulated in Ansys, the values of the
desired parameters are obtained.

7.2. Ppf Controller Performance Analysis

This part examined the performance of the closed loop
system with PPF controller [1,22]. The equations of the PPF
controller frequency response equations are shown as the
NMPPF controller by the multiple time scale approach. These
equations are obtained by forms Egs. (76) and (77). Fig. 5
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MNIBC controller
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Fig. 7. Frequency response of the NIRC controlled
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Fig. 8. NIRC controlled system response for changes in excitation amplitude. (a) controller input gain (ﬂ) ,(b)
controller input gains|\ 7 ) .
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0.04 .
f\
I 1
| [
0.03 / \
/ \
a If "L_
0.02 / \
0.01
_——— [ — 3
V=10 V=10 V=0
Fig. 9. The effect of the voltage on the NIRC
Table 6. Numerical values of the NIRC controller parameters
Variable
e A S 7, f
Value 9.36 2 0 1 0.09
Table 7. Numerical values of the NMPPF controller
Variable @, @, H, ) k, T, k. T, f
Value 9.36 9.36 0.002 0 2 1 2 1 0.09
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MNMPPFEF control
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Fig. 10. Frequency response of the NMPPF controlled system
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Fig. 11. Frequency response of the closed-loop system for values of damping ratio
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Fig. 12. Sensitivity of the closed-loop NMPPF controlled system response. (a) controller input gain for the second order
kr ) , (b) gain for the second order compensator | 7, ), (¢) controller input gain for the first order ks ) , (d) gain for
the first order compensator | 7
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Fig. 13. The effect of applied voltage in NMPPF controller
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Fig. 14. Comparison of the PPF, NIRC, and NMPPF controller performances
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Table 8. Comparison of values and percentages the PPF, NIRC, and NMPPF controller performances

Controller Amplitude Improved perfoma;l;; ecrcr)lmpared to the main
Main system 0.325 --
NMPPF 0.042 87.08%
PPF 0.10 69.23%
NIRC 0.044 86.46%

indicates the frequency response of the closed loop system
with the PPF controller. The controller parameters are cited in
Table 5. Implementation of PPF controller reduces vibration

o, =0

range in the resonant frequency region( f ) This
controller amplifies the production of two-peak amplitudes
with relatively large amplitude around the frequency. The

amplitude in the resonant frequency reduced from 4 = 0.32

to 4= 0.1 in the uncontrolled mode. Thus, one can state that
it is suitable for controlling vibrations at resonant frequency,
although it does not perform well around resonant frequency.
The frequency response equations are as follows

AN\2 A N 2 2
L — n_ua_l_—kpnpb
2 2 24 a
r (76)
A 2
3¢ 5, k, b*
—a ———(o, )—-o0,a
a2 g,
4
_ﬁpzﬁz_i( )2 (77)
itar | 1\
P P

An analysis of each control parameter is done for obtaining

a better understanding of the effect of each parameter in
response to improved system performance. The

PPF controller is suitable for controlling the excitation

amplitude at (Gf B 0). However, as shown in Figs. 5 and
6, the amplitude of the resonator is practically converted to
two frequencies near the natural frequency (before and after)
by applying this controller. Fig. 6 indicates the sensitivity of
the amplitude response to changes in control parameters. Fig.
6(a) as the coefficient of damping increases, the amplitude
of the vibrations decreases almost linearly. The controller
input gain results indicated in Figs. 6(b) and 6(c) have similar
effects. Increasing these parameters ends in more inhibition
of the precise frequency value of the resonator. Although by
increasing these two parameters the two peaks are separated,
it is impossible to comment on the two peaks created. Fig.
6(c) shows that the controller behavior changes when 7 =1
. As is seen in Fig. 6(d), the voltage change has a direct effect

21

on the amplitude of the resonator. By affecting the frequency,
this parameter changes the other parameters. The following
figure shows the increase in voltage that decreases the
amplitude of the vibrations.

The analytical solution of this controller is given in
Appendix C.
7.3. Nirc Controller Performance Analysis

In this section, the outcomes of applying NIRC control
method on the smart plate is discussed. The NIRC consists
of a first-order resonant integrator that provides additional
damping in a closed-loop system response to reduce high
amplitude nonlinear vibration around the fundamental
resonance frequency. Numerical values of the NIRC
controller are listed in Table 6. Fig. 7 shows the steady-state
vibration amplitude versus changes in excitation frequency.
Unlike conventional methods such as PPF and NMPPF,
the graph shows small bending toward the negative side of
the frequency axis. The NIRC controlled system exhibits
no high-amplitude peak on either side of the fundamental
mode in the frequency domain. Fig. 7 is obtained from the
analytical solution Method of Multiple Scales such as the
solution NMPPF. Next, the effects of three control variables
on system response are examined. Fig. 8 shows the vibration
amplitude of an NIRC controlled smart plate when control

parameters are changed.

A 2
3a
2 | —a’ -

78
f2: ﬁa+£ + 4 ( )
! 2 AT
2(7‘)4‘6/[ )Cl

According to Fig. 8(a) increasing the positive values input

gain controller A , reduce domains. Negative values of this
parameter causes the graph to bend to the right. In addition,

reducing the negative values of the input gain A will increase
the vibration suppression. Fig. 8(b) shows the closed loop
response of the system based on the variations in the input
gain parameter, ¢ . Results demonstrate that as expected both
gains have similar effect on the response. However, better
suppression is achieved when both gains have the same
signs. Fig. 9 shows the effect of the voltage on the amplitude
of vibrations. As expected, increasing the voltage increases
the amplitude of vibrations. The analytical solution of this
controller is given in Appendix D.
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7.4. Nmppf Controller Performance Analysis
Modulation Egs. (74) and (75) were used to show the

performance of the NMPPF controller on the smart plate. The
numerical values of the parameters are selected in accordance
with Table 7 for NMPPF controller. Fig. 10 shows the
frequency response of NMPPF controlled systems. In this
Fig., the right peak has higher amplitude than the left peak,

but does not skip the amplitude.

By using this method not only the vibration reduces at the
resonant frequency, but also the other two peaks have less
amplitude than the PPF method. The maximum amplitude in
NMPPF controlled system is much lower than the maximum
peak in the controlled PPF response. NMPPF controller
parameters, attenuation ratio and compensating frequencies,
affect the closed loop system inhibition performance.

Moreover, the four control responses change the system
response in the control process. Here the effect of these
parameters on the system response is examined. The first

H,

parameter examined is* 7 . According to Fig. 11, the changes

in parameter Hy in the controller are such that with increase
in its value, vibrations amplitude decreases. In the next step,
the other benefits of the controller are examined.

Fig. 12 shows the second-order input Variablek’
T .
, the second-order output value ", the first-order input

ok
compensator variable ¢, and the first-order output

. T . . .
compensator interest . According to Fig. 12(a), the increase
.k .
in " does not decrease the value of two peaks in the system

response but makes them distance. Moreover, small "
values do not reduce the magnitude of the two peak values.

Nonetheless, with increase ink’ , the amplitude of the

I o) .
vibrations at the resonant frequency ( f )1mproves.

As the second-order output L increases in Fig. 12(b), the
amplitude in the resonance frequency region decreases as a
result of the inhibition of the vibration amplitude at frequency
as Fig. 12(b) shows. Moreover, the two peak values occur at
distances beyond the origin as the graphs become wider in
the frequency range. Fig. 12(c) and Fig. 12(d) show the effect

: k T
of first-order compensatory interest changes, ~and ¢

As already stated, second-order compensators have a better
impact on amplification amplitude compared to second-order

compensator diagrams. The increase in = ¥ increases the level
of control of the controller that decreases the amplitude of

o . LT .
the vibrations. The control gain function " decreases with
increase in parametric value of the system domain and the

two peaks get distant like ks .

22

Finally, evaluating the effect of voltage applied to the
plate in the NMPPF controller, it is observed that increasing
the voltage increases the amplitude of response.

Fig. 14 shows the frequency response of the uncontrolled
system, system with PPF, NIRC, and NMPPF controllers

for the excitation amplitude of S =0.09 . NPPF and NIRC
controllers have a nearly similar effect on reducing amplitude
at the resonant frequency. The PPF controller has a weaker
performance than the other two controllers.

Appendix A

Airy function
where particular solution is considered as

X j ~ [2m7zy ]
+ @, COS T
(A-1)

~ 2nrw
@, =@, cos

a
+g7);sin[ il jsin (M]
b

- a‘tmWw’? (t)

=— "M _pW? .
(01 32b21’l2A;2 (01 mn (t)

(A-2)

bWl (t)

— mn — WZ )
@2 32am’A4;, o (1)
(’,g =

A homogeneous solution form can be considered as

@, =Cx*+C,y° +Cxy (A-3)
wil(nx L (mzY .
e e R F
* * * -1 Ne
(AnAzz _A122) _%
W:l(nr t mzY .
C, :?{(Tj 4, —(T) 4, (A-4)
*® *® * 71 Nxex
(AnAzz _A122) - 9
C,=0
Appendix B

The units in Table 9 are the coefficients of Eq. (31). These
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Table 9. The units of the coefficients of transverse equation of the plate.

Z,

Constant

Z, Z, Z,

Unit M] [MT?] [ML>T?] [MLT?]

units are in Newton SI version and lead to the unit kg m/s2.
Appendix C

Analytical solution of the controller PPF

we need new dimensionless variable for controllers so Eq.
(38) becomes dimensionless like Eq. (36). The result is as
follows

where
4 ) >7p a)z
r P

. . T,=t,T, =¢t
To this end, two time-scales of ~ 0 =1 are

selected. Then, the time derivatives are defined as

2
i:D()JrngJr... , d—2:
dt dt (C-2)
D;+2eD,D, +...

; ( h jz
" = — E = —
where aT" and @) is a bookkeeping
parameter. Eq. (C-2) is substituted in equation main system
and controller that results in

DU, +2eD,DU, +n,DU,+
en,DU,+U,+&U,+aU,+&U) +... (C-3)
=f cos(Qt)+z,r+17,5,
Dy +2eDyD\y +1,D,y +
- C-4
en,Dy +y+...=4U 4

Parameters of the equations have to be scaled; therefore,
parameters are set as:

(C-5)
a=¢a, i, :gﬂtp,kp =81€p,ﬂp 287;;,]( —¢f

Scaled parameters are substituted into the Egs. (C-3), (C-
4), then the variables U).y) are expanded by

U(eT,T,)=U,(T,T,)+&U, (T,T,)+..., (C6)

v (eT,.T) =y, (T,.T))+ €y, (T,,T,)+... (€D

By placing above equations ordering the result in terms

0 .1
, &

2
of the power of ¢ and€ , the following differential

equations are obtained

0(&'): DU, +U, =0, (C-8)
Dy, +y,=0, (C-9)

O(&'): DU, +U =fcos Qr)+k h%
( ) 0A1 1 A 3( ) »Yo (C-10)
-2D, DU, -n,DU,-aUy ,

Diy, +y, =AU, =2DD\y,—1,Dyy, , (C-11)
The equations of (C-8) and (C-9) are expressed as follows.

Uy=A(T,)e™ +cc, (C-12)

yo=B(T)e™ +cc, (C-13)

where A(Tl)and B(T) are complex parameters
functions that will be defined by deface the secular terms,

U R L ) .
also where ~ ®domain is ©, which is a function of function

. Moreover, the term cc shows the complex conjugate
function of its preceding sentences.

Next, Egs. (C-12), (C-13) are substituted into the Egs. (C-
10) to (C-11). The simplified result is:

. , 7 A (T, )+
DU, +U =k B (T,)e™ - 1.A(T)
2D A (T))
je'o —dA3(T1)ei3T° —344°4e™ (€14
+LeiQT° +cc
Diy,+y,=4,A4(T,)e™ (C-15)

—(ﬁpB (1,)+2D,B (T, ))ie”o

23
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U, and ¥ lare calculated using Egs. (C-14) and (C-15) in
time domain. For the system to have a bounded solution, it
must be considered zero to the secular terms.

Next step is to sort Egs. (C-14) and (C-15), and separate
the secular terms,

|
£,B(T,)e’"
_(ﬁuA (T1)+2D1A (Tl))i +le =0 (C-16)
e a2 (1) (1,)36
A A(T)e T
7,B(T,) ) le”" =0 (C-17)
+2D,B (T) l

The solution to Egs. (C-16) and (C-17) is assumed in the
polar form of

A(1)=5a(r)e =, 19
B()=3b (e (c19

The real and imaginary parts will be separated and equal
to zero by placing Egs. (C-18) and (C-19) in Egs. (C-16) and
(C-17) The following equations are obtained.

A

Dla(T1)=+%SiH(UfT1 - S, (Tl))+ (C-20)
%Pb (1,)sin(¢, (T,) -4, (1)) - 772 a(T,)
D¢, (T,) = %az (7))

A (C-21)
_2af(T1)cos(0'f (Tl)_ga (Tl))_
kz';b((TTf)) cos((¢, (7)<, (1))

24

Db(T,)= —%’b (1)) +22a(T,) (C22)
Sin((é/a (T] ) -4 (TI )))

_ipa(T]) é/a(Tl) -
D¢, (Tl)_ 2h (Tl) cos (_é’b (TI)J (C-23)

Since all variables of Egs. (C-20) to (C-23) are time
derivatives of function. New variables are defined, as follows
to obtain the set of independent equations:

. by applying these changes, the modulation equation is
obtained as follows.

. 2 k C-24
= B Lsn(a ) psna)
2 2 2
6, _ 3@ +Ji—cos(0‘,)
8 a (C-25)
k
+—2—cos(6, )+o,
a
bty asina,) (c-26)
== )
A kb A
6, :Llcos(é’a)+ 52 58
2a 2a 2b
(C-27)
cos(é’,,)—3?0[a2

steady-state conditions are considered to obtain the
frequency response of the closed loop system. The coupled
equations obtained for the frequency are the response of the
main system and the controller domain.

AN2 . P
f_ e 77_”a+—kp77pb
2 2

24,a
) ) (C-28)
A~ k 2
%cf —/i—p(o; )% ~-o,a
P
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) ) |2
n, b 2 b
e A (©29)
a A a
Appendix D

Analytical solution of the controller NIRC

we need new dimensionless variable for controllers so Eq.
(39) becomes dimensionless like Eq. (36). The result is as
follows

where
hé A
S=— =" (D-1)
@ 0
To this end, two time-scales of Ty=t,I =¢t are
selected. Then, the time derivatives are defined as
d d?
—=D +eD,+..., —
d° 1 dt> (D-2)

=D;+2eD,D, +...

a 2
D =<2 = (ﬁ)
oT @) . .
where n  and is a bookkeeping

parameter. Eq. (D-2) is substituted in equation main system
and controller that results in

DU, +2¢D,DU, +n,DU, +&n, DU, +

(D-3)

Uy+eU,+aU,+eU,) +...=f cos(Qt )+7,v
Dy +&Dy +v +...= AU —v°U’ (D-4)
Parameters of the equations have to be
scaled; therefore, parameters are set as:

] zgnu,dzg,f:gf
Scaled parameters are substituted into the Egs. (D-3), (D-
4), then the variables U(t), v(t) are expanded by

a=¢gd, A=A, t=¢€7, 1,

U(&,T,.T,)=U,(T,,T,)+&U,(T),T,)+..., (D-5)
v(e,T,.T,))=ev,(T,,T,)+&,(T,,T,)+.... (D-6)

By placing above equations ordering the result in terms

0 1 5
of the power of €& andé€ , the following differential
equations are obtained. Eq. (D-6) is chosen to be one
order higher than the main system to keep the first-order
dynamics of the controller at the same pace with the second-
order nonlinear system model and to have all the necessary
variables appear in the correct equations.
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0(&"): DU, +U,=0, (D-7)
1). 2 _ £

0(8). DU, +U, —fcos(Qt)+ (D-8)
w,-2D,DU,-7,DU,-aU, ,

Dy, +v,=W,-6U; (D-9)
0(52): Dy, +v, =AU, -8U’-v,. (D-10)

The equation of (D-7) is expressed as follows.
U,=4 (Tl)eiT° +cc (D-11)

AT)).

where is complex-valued functions that will be

defined by deface the secular terms, also where ~ ¢ domain

is 0 , which is a function of function T, . shows the complex
conjugate function of its preceding sentences. Eq. (D-11)
is substituted into Eq. (D-9), and the ODE is solved. The

. V.
solution to = %is found as

v, =C (T,)e™ +§(1-i VA(T,)e™
s (D-12)
- ;(1-21' A (T, )™ +28°4 (T, )A (T, )+cc

where ¢ (Tl ) is going to be obtained in further steps of

the solution. Next, Egs. (D-11), (D-12) are substituted into
the Eq. (D-8). The simplified result is:

A

DU, +U, = %ei%

-I-r(C (1) +2(1-1) (Tl)eiTOJ
—aA’ (T))e"™ -3a4°4e™ +

2
_%(1 20)A (T,)e™™ + 2084 (T, ) A (T,) +cc

~(A,4(T,)+2D,A(T,))ie"™

(D-13)

I is calculated using Eq. (D-8) in time domain. In order to

solve for ! , equation U, are substituted into Eq. (D-10) to

form the ODE.

0 ()=, ©-14
1) %
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7 . ﬁuA (Tl) .
S (@-i)4(n)- 2D A(T))) (D-15)

eiTO =0

%ewfﬂ A3 (T))A(T,)36

where < is a constant. The next objective is to obtain the
modulation equation. For the system to have a bounded Eq.
(D-13), it must be considered zero to the secular terms.
The solution to Eq. (D-15) is assumed in the polar form of
1 j
A (T1):Ea(T1 )e &) (D-16)
The real and imaginary parts will be separated and equal
to zero by placing Eq. (D-16) in Eq.(D-15) The following
equations are obtained.

Dla(Tl)_ _%a(Tl)
. X (D-17)
+Lsin(o,7, - ¢, (Tl))—%‘a(Tl)
3a ,
D¢, (Tl):?a (Tl)

7 i (D-18)
T
—WCOS(% (1)=¢.(1)) -

Since all variables of Egs. (D-17), (D-18) are time

. T . .
derivatives of ~ ! function. New variables are defined,
as follows to obtain the set of independent equations:

0, (t ) =0yl - Sa (t ) . by applying these changes, the

modulation equation is obtained as follows.

steady-state conditions are considered to obtain the
frequency response of the closed loop system. The coupled
equations obtained for the frequency are the response of the
main system and the controller domain.

A 2
12 :[ﬁua+zﬂ,a]2+ 3%(13—2(%—%0/.}1 (D-19)

8. CONCLUSIONS

In this article, active nonlinear vibrations control of a
simply supported smart plate using the NMPPF controller
was introduced. A piezoelectric layer is utilized for the control
force implementation. The system response was also studied
under NIRC and PPF control approaches. The nonlinear
classical plate theory was considered and von-Karman
strain—displacement field was used to model the plate. In
the study of forced vibrations, first, the plate equation was
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analyzed without the controllers. Observations indicate that

o . o, =0
in this case, the frequency response curve in the

zone has large resonance amplitude, in addition the jump
phenomenon was observed. The produce the article show that
by enhancing the excitation force, the response amplitude
increases. A hardening phenomena was observed in the
uncontrolled response of the smart plate. The plate with the
controllers was analyzed using Multiple Scales Method All
three controllers were analyzed using the Method of Multiple
Scales. The solution contains the closed-loop responses of the
NMPPF, NIRC and PPF approaches. Then stability analysis
of the closed-loop system was performed and the sensibility
of the parameters on the responses was compared.

The PPF controller had a weaker control effect than
the other two controllers. Results show that increasing the
gain and compensator damping coefficient decreases the
peak values almost linearly. The NIRC provides additional
damping for a closed loop system in the neighborhood of the
resonant frequency. The nonlinear control term in addition
to linear term provide more efficient control effect on the
system. According to the studies, the performance of the
NIRC controller has improved by 64.75% compared to the
PPF controller. The NMPPF controller has a cubic nonlinear
term in the second-order resonant compensator which
provides better control for nonlinearity. This controller has
a direct effect on the exact value of the resonant frequency.
Vibration amplitudes at resonance are suppressed better as
control gains and increases. The second-order compensator
suppresses the exact resonant amplitudes better, also the first-
order compensator induces more damping and higher gain
values reduce the amplitude of the system. Results show
that NMPPF controller reduced the vibration amplitude on a
large bandwidth in the frequency domain better than the other
two methods. The vibration suppression in this controller is
65.47% better than the PPF controller, almost 2.041% better
compared to the NIRC controller.
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