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Abstract: This paper presents a mixed active controller (NNPDCVF) that combines cubic velocity
feedback with a negative nonlinear proportional derivative to reduce the nonlinear vibrating behavior
of a nonlinear dynamic beam system. Multiple time-scales method treatment is produced to get the
mathematical solution of the equations for the dynamical modeling with NNPDCVF controller. This
research focuses on two resonance cases which are the primary and 1/2 subharmonic resonances.
Time histories of the primary system and the controller are shown to demonstrate the reaction with
and without control. The time-history response, as well as the impacts of the parameters on the
system and controller, are simulated numerically using the MATLAB program. Routh-Hurwitz
criterion is used to examine the stability of the system under primary resonance. A numerical
simulation, using the MATLAB program software, is obtained to show the time-history response,
the effect of the parameters on the system and the controller. An investigation is done into how
different significant effective coefficients affect the resonance’s steady-state response. The results
demonstrate that the main resonance response is occasionally impacted by the new active feedback
control's ability to effectively attenuate amplitude. Choosing an appropriate control Gaining quantity
can enhance the effectiveness of vibration control by avoiding the primary resonance zone and
unstable multi-solutions. Optimum control parameter values are calculated. Validation curves are
provided to show how closely the perturbation and numerical solutions are related.
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1. Introduction

Unwanted vibrations have a detrimental impact on the functionality and, in certain severe
circumstances, the structural integrity of machinery and other constructions. Establishing the
conditions required to get rid of these undesirable operating states is essential in order to modify the
modal properties of the applicable structural elements of the mechanical system. Basic structural
components called beam structures are employed in both civil and mechanical structures. One of the
main objectives in the structural design of beam constructions should be the capacity to minimize or
lessen the degree of undesired vibrations. The dynamical properties of beam structures [1-3] are
determined by their structures, geometrical parameters, and material properties. Beam structures
frequently lack the required dynamic properties because they are typically made of homogeneous
materials. In recent decades, there has been a lot of interest in the dynamic problems of structures
subjected to moving loads [4—10]. The dynamics of multi-span bridges excited by a moving object
with numerous degrees of freedom were studied by Marchesiello et al. [11]. Fryba [12] examined
numerous straightforward moving-load issues in his monograph and offered analytical responses.
Vibration control is a significant challenge, in addition to the dynamic modeling and analysis of civil
and mechanical structures. Passive, semi-active, active, and hybrid vibration control methods have
been developed [13-16].

Due to research showing that active control of structures is a more effective method than passive
control [17,18], it has grown in popularity. For active structural control, there are numerous control
algorithms based on control theory, such as PID control [13], optimal control [ 19], adaptive control [20,21],
and intelligent control [22]. Due to the increasing speed of moving mass and structural flexibility,
vibration control of beams subjected to a moving mass has recently received a lot of interest in both
physics and engineering [23—-26]. Since the analytical solution to the flexible structure model is
commonly stated in modal space, independent modal space control is a key technique in the vibration
control of flexible structures. The well-known phenomenon of spillover presents one of the major
difficulties in the modal space control of flexible systems [27,28]. Positive position feedback (PPF)
control is a simple and efficient control approach in practical applications [29,30] due to its
fundamental property of being insensitive to spillover, or the capacity to regulate the target mode
independently without affecting other uncontrolled modes.

Optimal control in modal space is the most widely used method for reducing vibration in a beam
caused by a moving mass [31,32]. It is anticipated that the regulated state can be established using all
of the measured or estimated data. But it's likely that not all sensors will be installed in order to capture
the whole set of states [33]. Modeling and measurement errors are inevitable in real-world
implementations. Therefore, to correct modeling errors brought on by modal truncation and
measurement errors, a robust control mechanism is required. A powerful, resilient control method that
can handle both outside disturbances and modeling uncertainty is sliding mode control (SMC) [34,35].
Qiu et al. [36] created a type of discrete-time sliding mode control approach to lessen the vibration of
a flexible plate. Bauomy and EL-Sayed [37—41] developed several constructed control techniques that
were used to control harmful vibrations caused by various nonlinear dynamical systems.

A novel magneto-electro-elastic (MEE) model of bi-directional (2D) functionally graded materials
(FGMs) beams is developed for investigating the nonlinear dynamics [42]. The outcomes appear that
the MEE materials significantly affect the asymmetric modes, which can further vary the mechanics
of 2D FG beams. Furthermore, the three-directional (3D) functionally graded materials (FGMs) are
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used to fabricate the slender beams to resist 3D loads and study the nonlinear mechanics to provide an
insight reference for possible applications [43]. It is found that the three directional FG indexes can
tune the mechanical performance of the beam, such as improving on the load-bearing capacity and
enhancing in the flexibility of dynamic design, which is tremendously different from nonlinear
behaviors of 2D and 1D FGMs beams. Besides, a novel model of bi-directional (2D) functionally
graded materials (FGMs) nanobeams resting on the Pasternak foundation under the magneto-electro-
elastic (MEE) fields based on the Timoshenko beam theory is presented to investigate the dynamic
interaction behavior [44]. Formerly, the mathematical model of the non-prismatic Timoshenko beam
considering shear and bending deformations is developed [45]. The numerical analyses of forced
vibrations of the beam show that its points oscillate in different manners depending on their relative
position along the beam. Therefore, a novel fractional order PDu control of lattice grid beam with
piezoelectric fiber composite face sheets is proposed [46]. Consequently, it is proved that the fractional
order PDp control can reduce the vibration amplitude of lattice grid beam more significantly and more
rapidly, by comparing its numerical results with those of the integer order PD algorithm and
uncontrolled results. Also, a recently-developed metaheuristic method called Crystal Structure
Algorithm (CryStAl) is used to achieve optimized vibration control in structural engineering [47]. At
last, the nonlinear free and forced vibration of functionally graded strain gradient Timoshenko
microbeam are analytically investigated [48]. The analytical mode shapes are then closely verified via
numerical simulations and the effect of different parameters on the fundamental natural frequency of
the beam is studied.

The key goal of this research is to provide a new active controller strategy for removing high
vibrations of the specified beams model via a suitable control technique.

The new active control includes increasing the nonlinear parameters such as negative cubic
velocity feedback and a nonlinear negative proportional derivative controller in order to further
eliminate the potentially harmful vibrations of the related framework. The system is made more stable
by the researched controller, which comprises NNPD plus CVF as a new nonlinear control approach
(NNPDCVF). The analytical result received by using multiple-time scales technique process near two
resonances of primary and 1/2 subharmonic responses of a dynamical beam with moving load. The
comprehensive mathematical solutions, frequency response equations (FREs), and stability analysis
with NNPDCVF process are obtained using the perturbation method. Numerical solution and effect of
all parameters on the vibrating system and the controlled system are plotted and reported. The
MATLAB software is used to simulate the impact of various parameters and the controller on the
system. The validations of the analysis's time history and frequency response curves (FRCs), as well
as the numerical results, were satisfied by comparing them. Before and after providing the controller
in the two measured resonance cases, the system is numerically and graphically examined. The
simulation outcomes give that the new controller NNPDCVF method is found to be the most effective
at eliminating high vibrations and making the system more stable. Finally, numerical results are
obtained that show an outstanding agreement per the analytical results.

2. Governing equations and perturbation solution
As indicated in Figure 1, the dynamic beam structure is subjected to the dynamic load P, which

transfers along the longitudinal direction of the beam with a velocity V' within the novel active
control method by a servomechanism. The beam's motion equation is given as follows [14]:
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EIV"+mv+cv=PoS(x-Vt)+ M, 0'(x—a)—M 6" (x—L+a) (2.1

where the prime indicates the derivative with respect to x and the dot indicates the derivative with
respect to ¢; E is the Young’s modulus of the beam; 7/ is the moment of inertia of the cross-section;

v(x,t)1s the transverse displacement of the beam; m is the mass per unit length of the beam; c is the

damping coefficient; & is the Dirac delta function and ¢ is the derivative; L is the span length of the
beam; a is the distance between the servohinge and the end of the beam; In order to balance the
bending deformation of the beam under a moving load, a servomechanism is installed below the middle

of the beam span to generate a control torque M . The working principle is to adjust the control spring

to attain the desired control effect. The control torque is designated as:

M, =IKA=KI[u()+ 1V (a,t)— 1V (L—a,1)] (2.2)

where K remains the stiffness of the spring; / stands the arm length of servomechanism; u(¢)

remains the spring displacement caused by servomechanism, and 4 is the displacement of the spring.

When u(¢) =0, it is a passive control system.

The transverse displacement v(x,7) can be expressed in terms of the expansion using the

Galerkin method:

v(x,1) =D q,(6) ¢, (x) (2.3)

where ¢, (¢) is the generalized displacement; ¢, (x) =sin(k 7 x/L) is the k-th mode shape; N is the

number of the shape functions used in the approximation. Substituting Eq (2.3) into Eq (2.1),

multiplying both sides of the resulting equation by ¢, (x) and integrating over the span of the beam,

the j-th mode can be obtained as [14]:

G () +2lw,q, () + o q, (1) = Z—isin(ka)t) - 4kﬂ—j\z(’(t)cos(k ra/Lysin(kz /2)  (2.4)
m m

2

L
where ¢, (t)=(2/L) I v(x,t) ¢, (x)dxis the beam displacement of the & -th mode, ¢ is the damping
0

ratio, @, =[(k*z"* / L*)(EI / m)]"*is the natural angular frequency of the k -th mode, @ = 7V / L is the

natural angular frequency, and
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= krx kra
2

M, (t)=IKA=Kl[u(t)+2] Y “Zcos———gq,(1)] (2.5)
k=1,3,5,.. L L

Only the fundamental mode is taken into account because the high order modes of motion barely affect
bending displacement and the nonlinear features. The motion equation can therefore be found as

G(t)+ wyq(0) + ug(t) = [ sin(or) + aq’ (1) (2.6)

The modified controlled system is
G@)+ayq(t)+eug(t)=ef sin(at)+ef q(t)sin(ax)+eaq’(t)+ebfq’(t)+ut) (2.7)
where,

L
q(t)=(2/L)Iv(x,t)¢5l(x Ydx , @) =@ — 27Kl cos%,,u =2lw,f =2P /(mL),a=7x"E*/(L'4?),
0

[ =nE /(L*4), A stands the cross-section area of the beam. u(¢) is the active control force which

consists of mixed of negative nonlinear proportional derivative (NNPD) and cubic velocity feedback
(CVF) controller which called (NNPDCVF) controller that is in the form

u(t)=—¢(pg(t)+d, 4(O) + o,q’ () + o,q”° ()4(1) + ,q(1)d” () + G, ¢ (1))

Dynamic Load 7

|_.,,'

Beam ‘L[
a | Control Unit a

=

Control Torque V7, ) M, Control Torque

X

Controller
Actuator and |
Controlled Seneor

Figure 1. The simple controlled beam structure model.
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3. NNPDCVF influences of various resonance cases of the framework
In this section, the new controller NNPDCVF method will be studied with different effective

resonance cases that have acted on the vibrations of the system. The primary, internal, and subharmonic
resonances of the new controller NNPDCVF are studied.

3.1. Primary resonance case @ = @,

To find the approximate solution of Eq (2.7), it is helpful to apply the method of multiple
scales [49,50] as follows:

q(t.6)=q,(T,.T;)+ ¢4, (T, T, ) + O(&”) (3.1

where ¢ 1is the perturbation parameter, T, =t, T, =¢t are the two time scales.

The two time scales that can be used to express the time derivatives of Eq (2.7) are as follows:

d d’ 0
£:D0+5D, , dt—2=D02+g(2DoDl), D =aT(n:O’1) (3.2)

n
n

Assume, in the case of primary resonance,
w=w,+E0 (3.3)

where o is detuning parameter. The following results are obtained by inserting Eqs (3.1)—(3.3)
relevant to Eq (2.7), comparing coefficients of similar power of ¢ as

(0] (80) :
(D +@})q,=0 (3.4)

(0] (31 ) :

(D3 +@} ) ==2DDy)gy — 1(Dygy) + agy + Bgi + f sin(@,T, +6T,)+ f g, sin(e, T, +oT))
—pq,—d,(Dg,)— alqg - azqg(DOQO) - 0{3q0(D0q0)2 -G, (DOQO)3 (3.5
The solution of Eq (3.4) is:

q, = A(T) €™ + cc. (3.6)
where A(7;) is complex function in 7', cc locate for the complex conjugate of the preceding terms.
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Substitute Eq (3.6) for Eq (3.5), we get

—ZinDlA—iya)OA+3aA22—l§ [ = pAd—ido,A-3a, A2 A |
e 0fo0

(Dg + woz)‘h = . . .
Sioya, A A- a0 A A—ia)G,A” A

+[0¢A3 —a, A —ioa, A + oo, A +ia)gG1A3}63"“’0'{0 + B AN
+p AZ—%—%Ae“szTOMTI) +§Ze""T1 +cc (3.7)
Removing the secular terms from Eq (3.7), we acquire
i, D, A—ipw,A+ 3aA22—i§e"’Tl — pA—id,w,A-3a,4> A-3iw0,A* A
—a, @ A A—i}G, A A=0 (3.8)
Let A= %ae’ﬁ and substituting it into Eq (3.8) and separating the real and imaginary part yield the

averaged equation as follows:

2

d 3 G
a'=—ﬁa—icos«9——‘a—&cf—w0 La’ (3.9)
2 2o, 2 8 8
00 =ca-Lrgs L sing s 3% 3% 9% s (3.10)
20, 2w, 8w, 8w, 8
where, 6 =0T, -0 . The frequency response relations are then acquired as follows:
o+ Py 3o a2_3061 @t - 2% sy
w, 4o, 4w, 4
2 2 2 2

Mo A pd P f2 :

4 4 2 doj 4w,a
(3.11)

n 3ua, _’_:ungl +3d1a2 +a)02d1G1 _305121 +30(1[271 ET 0 -
8 8 8 8 8w 8o 8
9a; . w0, G} . 3a,0}G, 9’ 9a} . wya; Yaa; 3aa, LT
64 64 32 64l 6daf 64 o 32 32

Using the Newton-Raphson method and Matlab software, the steady-state responses may then be
extracted from the algebraic equations. Using the Lyapunov first technique, the right-hand side
eigenvalues of the Jacobian matrix at Eqs (3.9) and (3.10) are calculated, and the stability of the steady-
state shell system is evaluated as follows:
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MR
o' R, R, |6

where,
oa 1 92, 3w,G, oa’  f
=— =——(u+d)-(F2+22")q?, R =—=—"—co0s@,
Ri=5a =T d)-Cae=) 2730 20,
R -0 _o_p  Oa Y doa,  p 00 __ [ Gp
' da a 2ma 8w, 8, 8 ? 00  20a

The previous matrix acquires the stable regions of the controlled model by solving the following
determinant:

Rll -4 R12 -0 (313)
Rz] R22 -4

Then,
A+p A +p,=0 (3.14)

where, 4 signifies the eigenvalue of the Jacobian matrix, p =—R,—R,, and p,=R R,-R,R, . The

sufficient and necessary conditions for the structure to be stable according to Routh-Hurwitz criterion

are p, >0 and p, > 0. If the eigenvalues have negative real parts, the system is stable; otherwise, it is

unstable. In frequency response curves, stable and unstable periodic responses are indicated by solid
and dotted lines, respectively.

3.2. /> Subharmonic resonance case @, = Ea)

We introduce the detuning parameter o in accordance with Eq (2.7) analysis of subharmonic
resonance as

1
a)0=5a)+ga (3.15)

Substituting Egs (3.6) and (3.5) into Eq (2.7) and equating coefficients of similar power of & yields
the following:

0(80):

Mathematical Biosciences and Engineering Volume 20, Issue 3, 5135-5158.
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(D§+%a)2jq0=0 (3.16)
0 (81) :
1 . .
(Doz + sz j q, =—2(D,D,)q, — woq, — u(Dyq,) + aq, + Bq; + [ sin(@T,) + f g, sin(wT,)

-pq,—d,(Dyg,) - aﬂé - azQ(?(DOQO) - a3q0(DOq0)2 -G, (D0q0)3 (3.17)
The solution of Eq (3.16) is:

q, = A(T)e"""” + cc. (3.18)

where A(7)) is complex function in T, cc locate for the complex conjugate of the preceding terms.

Substitute Eq (3.18) in Eq (3.17) yields:
—iwD,A-wo A —é pwA+30A’ A- p A —%dla)A

[Dg-i-%a)zqu: _ _ _ B P
—3a1A2A—EiwazAzA—Za@szzA—giafGlAzA

+{aA3 -aA’ —%a)azA3 —%fA +%a)2053A3 +l§a)3G1A3}e3i“’T°/2

+[,6A2—%f }e BT e (3.19)

The secular terms of Eq (3.19) vanish if and only if
—iwD, A —a)aA—é,ua)A +3aA22—plA—édla)A ~3a, A" A
3. 7 1 22 3.3 274
—516005214 A—Z%a) A A—gza) G A A=0 (3.20)

Let A= %a e” and substituting it into Eq (3.20) and separating the real and imaginary parts yield the

averaged equation as follows:

(3.21)
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3a 3a oo
A

ay'=ca+ (3.22)

w dw 4w 16

For steady-state solutions, a’ =y’ =0and the periodic solution at the fixed points corresponding to

Egs (3.21) and (3.22) is given by:

H o 3a a3_3a)2G1 7

=0 3.23
2 2 8 32 ( )

ca+Pra_3% g 3%
0] 4w 4o 16

D% 2 =0 (3.24)

As a result, the frequency response relationships are obtained as follows:
2 2 2
o 423X 2 3 o 00 a ﬂ—+d—1+ﬂ+p—‘2
o 2w 2w 8 4 4 2 o
{3/4% L 3u@'G, Ma, 30dG, 3ep, 3ap,  ap, }az .\ {905; &G}

8 32 8 32 208 20° 8 64 1024

(3.25)

+9aza)2G1 N 90’ . 9a; . o’c; Yac, 3aa, LT IR
128 160" 160 256 8w’ 32 32

We offer the following forms to assess the stability of the fixed point solutions of Eqs (3.23) and (3.24).

A=((p-iq)/2)e" (3.20)
where p,q are real coefficients. Substitution of Eq (3.26) for the linearized form of Eq (3.20), we get:

—ia)A’—a)O'A—é LA~ plA—édla)A -0 (3.27)

We get the following equations by substituting Eq (3.26) into Eq (3.27) and then equating the
imaginary and real parts:

Py p s (Pyg=0 (3.28)
2 2 )

g+ ihyg o (3.29)
1) 2 2

The zeros of the characteristic equation determine the stability of a certain fixed point with regard to a

proportional exp(AT;):
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(iiurdy 2
2 CR ) (3.30)
B (At (urd)
0] 2

where, A is the eigenvalue. To analyze the stability of the non-trivial solution, one uses Eq (3.30) to
obtain:

A+ +r=0 (3.31)
luz d? Iud p2 . .
where, 1, =(u+d,) and », = o + Tl + T‘ ++£L are constants. The Routh-Hurwitz criterion states that
®

the following conditions must be met in order for all of Eq (3.31) roots to have negative real parts:

r, =0, and r, > 0. If the eigenvalues have negative real parts, the system is stable; otherwise, it is

unstable. Solid or dotted lines on frequency response curves denote stable or unstable periodic
responses, respectively.

4. Numerical response influence outcomes

4.1. The new active vibration control influences at the primary resonance case @ = @,

Using the Runge-Kutta algorithm and the MATLAB 20.0 software, the original system Eqs (2.6)
and (2.7) are numerically depicted in this section. Figure 2 displays the model’s responses and phase-
plane at primary resonance @ =, one of the worst resonance instances), and zero initial.
Furthermore, Figure 3 illustrates the response and phase-plane for the nonlinear dynamical system
with  NNPDCVF in the primary resonance situation w=®, , where the initial values
q(0)=0.5,g(0)=0.5 are used. The system’s amplitude ¢(¢) is dramatically reduced, as seen in
Figure 3. Additionally, using the NNPDCVF controller close to the primary resonance case that was
measured, we will confirm all effects occurring in model parameters in this branch. As shown in
Figures 2 and 3, the frequency response equations (FRE) defined by Egs (3.9) and (3.10) were resolved
and plotted by matching parameter values. Figure 4 shows the response diagram for the controlled
system a against the detuning value o . Stable solutions are represented by solid lines presented
graphically by ( ), whereas unstable solutions refer by dashed lines presented graphically by (-----).
In this figure stable areas are less than the unstable regions. The steady state amplitude a is
monotonic decreasing function of the linear damping coefficient g and monotonic increasing
function of the natural angular frequency coefficient®, showing the stable and unstable regions as
plotted in Figure 5a,b, respectively. Figure 6a presents when the nonlinear parameter o decrease the
curve is bent slightly to the right making increasing in instability zones, while the nonlinear control
parameter ¢, decrease the curve is bent to the left making increasing in stability zones illustrated in
Figure 6b, which gives an excellent result for controlling the model. Besides, when the nonlinear
parameter «, decrease the amplitude a is decreased making decreasing in instability zones as
plotted in Figure 7a, while the nonlinear control parameter «,decrease the curve is bent to the left
making increasing in stability zones demonstrated in Figure 7b, which gives excellent result for
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controlling the model. Moreover, the steady-state amplitude a is increased with increasing the
excitation coefficient f making increasing in the unstable area as exemplified in Figure 8a, while at
choosing lessen values of p, the amplitude a is bent slightly to right making increasing the area of
stable regions as plotted in Figure 8b. Furthermore, Figure 9a presents that when the values of the
linear control force parameter d, decreased the amplitude a is increased appearing the stable and

unstable regions, whereas, at lessen values of the gain coefficient G, the amplitude a is increased
with increasing in instability counties as seen in Figure 9b.

q(tydt

St J -10 ¢
500 1000 1500 2000 -5 o)

t q(t)

(@)

Figure 2. Response of the framework without controller on primary resonance.

(y:0.02;a): 1.5 =0.15=0.02; f =2.15;0 = a)o).

q(tydt
o

0 500 1000 1500 2000 -1 -0.5 )
t q(t)

0.5 1

Figure 3. Response of the model with NNPDCVF controller on primary resonance case.

(£=0.02,0=1.5a=0.154=0.02f =2.150= a,,p, =0.5d, =1.2,a, =0.3,@, = 0.4,, = 0.25,G, =0.5).
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\ unstable

resonance case w = @, .

Figure 4. Frequency-response diagram
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Figure 6. Effect outcomes of (a) nonlinear coefficient « and (b) the nonlinear control parameter «, .
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Figure 7. Effect outcomes of (a) nonlinear control coefficient «,and (b) the nonlinear

control parameter «;.
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Figure 8. Effect outcomes of (a) excitation force f and (b) the linear control force p,.
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Figure 9. Effect outcomes of (a) the linear control force 4, and (b) the gain coefficient G,.

4.2. The new active vibration control impacts at ¥ Subharmonic resonance @, =®/?2

In this section, Figure 10 shows responses and phase-plane of the framework with no controller
on the ¥ subharmonic resonance @, =@/2 (one of worse resonance cases) within zero initial. Also,
Figure 11 conclude the response and phase-plane for the nonlinear dynamical framework with
NNPDCVFon @, =w/2 withthe initial values ¢(0)=0.5,4(0)=0.5. The amplitudes of the system
q(t) 1is decreased dramatically as appeared in Figure 11. Additionally, we will verify all model
parameter changes with the NNPDCVF controller in this branch, which is close to the measured
subharmonic resonance condition. As shown in Figures 10 and 11, the frequency response equations
(FRE) given by Eqgs (3.21) and (3.22) were resolved and plotted by matching parameter values.
Figure 12 displays the response diagram aimed at the controlled framework a versus detuning
coefficient o . Only stable solutions is appeared which stand by solid lines presented graphically by
( ), without any unstable solutions. This refers to that the new active controller made the system
more stable in this resonance case. The steady state amplitude value a is decreasing when the linear
damping coefficient u values are decreased as designed in Figure 13. Also, Figure 14 presents the
effect outcomes of the natural angular frequency @ as when it increased the steady-state amplitude
a is also increased. Moreover, when the values of the nonlinear coefficient « are decreased the
values of the amplitude a are lessen as seen in Figure 15. On the other hand, Figure 16 shows that
when the values of the nonlinear control coefficient ¢, are decreased the values of the amplitude a
are increased. Besides, the amplitude a is increased when the values of the nonlinear control
parameter «, are increased as strategized in Figure 17. Furthermore, the values of the nonlinear
control parameter ¢, are increased when the values of a are decreased as shown in Figure 18.
Additionally, Figure 19 appears a special effect of the linear control force p, as when it takes an
increasing values, the curve is shifted to the right without any change influence in the amplitude
behavior diagram. In addition, at increasing values of the linear control force d,, value of a is
decreased as realized in Figure 20. Finally, at lessen values of the gain coefficient G, the value of a
is increased with increasing in stability regions as seen in Figure 21.
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Mathematical Biosciences and Engineering Volume 20, Issue 3, 5135-5158.



5151

107"

0.5

Figure 13. Influence diagram of the

damping coefficient .

107"

© 4

Figure 15. Influence diagram of nonlinear
coefficient «.

%1017

12

Figure 17. Influence curve of the nonlinear

control parameter «,.

Mathematical Biosciences and Engineering

05

Figure 14. Influence diagram of the
natural angular frequency .

107!

w4t

Figure 16. Influence graph of the

nonlinear control the parameter «,.

x10’“

© 4

Figure 18. Influence chart of the

nonlinear control parameter «, .

Volume 20, Issue 3, 5135-5158.



5152

A1 . 1
8 x10 , 8 10
P= 0.5
w4 Py =22 ©4
5 2
0
% 1 0 1 2 2 1 0 ! 2
G a
Figure 19. Influence diagram of the linear Figure 20. Influence diagram of the
control force p,. linear control force d,.
152107

05f

Figure 21. Influence diagram of the gain coefficient G,.

5. The optimum control parameters

The mechanism of the NNPDCVF controller at the primary resonance can be explained simply
with the aid of Eqgs (3.9) and (3.10). It is clear from Eqs (3.9) and (3.10) that the integration of the

NNPDCVF controller to the considered system has modified the linear damping term x4 to the

where u

controlled term u primary

rimary - MOTEOVET, the detuning parameter o is modifiedto o,

rimary 2

and o

primary 31€ glven as follows:

1
Iuprimmy :E(ﬂ-i_dl) (51)
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—o-LP (5.2)

primary
2w,

It is clear from Eqs (5.1) and (5.2) that 4, and o are periodic functions on the

primary

. . . 1
controller, where the controlled system has the equivalent linear damping 4, = E(,u+d1) and

detuning parameter o R & o—(w, +2’4) . This means that the linear control force (p,)

primary 20, s

is responsible for changing the system natural frequency (@, ), while the velocity gain (d,) 1is
responsible for modifying the system linear damping coefficient (u). Accordingly, to improve the
vibration suppression efficiency of the considered system, the linear control forces ( p,,d,) should be

selected in a way that maximizes the objective function 4. . ando By comparing the

primary *
obtained results in Figures 8(b) and 9(a) with the objective function given by Eqs (5.1) and (5.2), we

can notice that the best vibration suppression condition has occurred at the maximum values of 4.,

ando as summarized in Table 1. It is worth to mention that the same mechanism occurred at the

primary

2 subharmonic resonance cases. The objective functions in the 2 subharmonic resonance can be

deduced simply from Eqs (3.21) and (3.22), respectively, where u,, = %(,u +d)), o,,=0 + B

@

Table 1. Optimum control parameter.

) 1 p
Flgure P dl @, Iuprimmy = 5(/’1 + dl) O-P"ima”}’ =0~ 2al) Max (luprimary ) Max( Uprimary )
0
Figure - 1 0.5 1
00 1.5 —(u+0 o+ 0.5 +=
g 05 R0 2(1.5) # ot
Figure 1
9a 00 22 1.5 E(,u+2.2) o+0 0.5u+1.1 o

6. Verification of analytical solutions using numerical simulation solutions

The system which set by Eq (2.7) solved numerically at the two resonances which are primary

case where (@=@,) and % subharmonic resonance cases where (@, = ®/2) compared with the

analytical solution of the modulating Eqs (3.8) and (3.20), respectively as presented in Figure 22. On
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the other hand, the continuous lines symbolize the time histories which obtained numerically (using
Runge-Kutta method) for Eq (2.7) and the dashed lines confirm inflection of amplitude for the

coordinate g(t) at similar values of parameters which using in Figure 3.

q(t)

q(t)

Nu ical Solution
Perturbation Solution

|

I I I I I I I I
400 500 700 800 900
t

1000

1 T T

Numerical Selution
Perturbation Solution

-1
0

100 200 300 800 900 1000

Figure 22. Relationship connecting numerical solution (using Runge-kutta method) and
mathematical solution (using perturbation method) of the system and NNPDCVF.

7. Conclusions

A novel control technique is used to investigate the response of a moving load excited nonlinear
dynamic system to nonlinear primary resonances and 1/2 subharmonic resonances. The controller

NNPDCVF reduces

the vibration amplitude of the two resonances. The stability analysis via

NNPDCVF on the two measured resonances is studied and investigated using MATLAB software. The
effect of various effective control system parameters on the outcome is discussed. In the case of
primary resonance, a suitable choice of some effective coefficients can reduce the response's peak

Mathematical Biosciences and Engineering

Volume 20, Issue 3, 5135-5158.
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amplitude (or the free oscillation term’s peak amplitude) and the unstable regions. Using the new
controller, the instability solutions for 1/2 subharmonic resonance are minimized in this case. Only
stable solutions were found, indicating that in this situation the new controller is the best. Optimal
control parameters are calculated. Finally, numerical confirmations for all obtained analytical results
are introduced
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