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ARTICLE INFO ABSTRACT

Keywords: In engineering applications, flexible beam vibration control is an important issue. Although
Passivity-based boundary control several researchers have discussed controlling beam vibration, there are few strategies for
Shear beam

implementing it in actual applications. The passivity-based boundary control for suppressing
flexible beam vibration was investigated in this paper. The controller was implemented using a
moving base, and the beam model was an undamped shear beam. The control law was established
using the storage function in the design technique. The finite-gain L; - stability of the feedback
control system was then proven. This method dealt directly with the PDE of the beam model with
no model reduction. Because of the non-collocated measurement and actuation in many appli-
cations, the backstepping observer was required for state estimation. Since the controller was
implemented at the end of the beam via a moving base, the beam domain remained intact.
Therefore, the method is simple to apply in applications. With the use of the finite-difference
approach, the PDEs were numerically solved. The controller’s performance of the proposed
control scheme was demonstrated using computer simulation.

Storage function
Backstepping observer
Vibration suppression
Partial differential equation

1. Introduction

Vibration suppressions of flexible beams are significant problems for applications such as robotics, space structures, flexible marine
risers, etc. Beam models are infinite-dimensional or distributed-parameters systems in nature, so the equations of motion will be
modeled using the partial differential equation (PDE). The state variables of a system depend on spatial and temporal variables.

The flexible beams’ weight is less, so it consumes less energy but shows elastic vibration. When the robotic arm moves at high
speed, vibration is unavoidable. As a result, the robotic arm has to slow down or even wait until the vibration dies down in many
situations. This situation is time-consuming and counterproductive.

Boundary control has drawn much interest in the flexible beam vibration suppression field. However, a few sensors and actuators
are needed for the control strategy. Control spillover is eliminated since the distributed parameter model is employed, i.e., no model
reduction.

The undamped shear beam is examined in this work. This form of the beam can be used to model slender beams in applications. The
most basic beam model is the Euler-Bernoulli beam. This beam model transforms into a shear beam when a shear deformation is
included. Although the shear and Rayleigh beams are physically distinct, they are mathematically equivalent. The rotational inertia
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Nomenclature

b = positive constant

Co = spring constants

1 = damping constants

Co = positive constant for an observer
m = mass

ij = indexing superscripts and subscripts
LJ = maximum index

D (x,y) = observer gain kernel

q =r’ /e

r =At/Ax

s =At?/e

t = temporal variable

At = temporal increment

U(t) = controller

Vv = storage function

w (x,t) = beam displacement

W (x,t) = estimation of w (x,t)

w (x,t) = observation error

W (¢) = displacement of a moving base
X,y = spatial variables

¥,y = output

Ax,Ay = spatial increment

XY = Cartesian coordinate

£,6 = positive constant

£ = integration variable

@ = rotation angle

@ = any function

T = time

o (t) = additional controller

v (x,t) = state variable of the target system
W, = Euclidean norm or Ly — norm

term is incorporated in the Rayleigh beam model since it has a large cross-section area. Timoshenko beam is the most completed beam
model incorporating all properties of beams. Derivations of beam models can be found in Han et al. [1].

Lasiecka presented the brief historical development of point and boundary controls for PDE-modeled systems [2]. The review paper
summarizes the existing literature on distributed parameter systems found in Padhi et al. [3].

In the paper of Luo et al. [29] the shear force was applied to dampen rotational-joint robot vibration. The simple PI plus shear force
feedback provided satisfactory control results.

Krstic et al. [4] introduced a new technique called backstepping boundary control for the engineering beams, such as the shear and
Timoshenko beams, etc. This method combined the traditional damping boundary feedback control with the backstepping control
concept. A coordinate transformation integral was used to transform the beam system into a stable wave equation with boundary
damping. This approach was also adapted to use for the observer design. The well-posedness and stability were proved.

In 2014, the backstepping boundary control developed by Krstic et al. was used by Boonkumkrong et al. to control the rod tem-
perature [5]. In 2018, Boonkumkrong et al. also implemented this control scheme to eliminate the vibration of the flexible beam
mounted on the moving base [6].

Lertphinyovong and Khovidhungi [7] applied the backstepping boundary control technique to the Rayleigh beam.

In his paper, Morgul [8] studied clamped-free Euler-Bernoulli beams. The control force and torque were implemented at a free end.
The Lyapunov function was used for proving. The vibration was suppressed uniformly and exponentially to zero.

Smyshlyaev et al. [9] investigated how the Euler-Bernoulli beam was controlled on its boundary. Position and moment actuators
were implemented on one end, while the opposite end was the sliding boundary. The beam model was first expressed as the
Schrodinger equation before using the backstepping technique in the design.

The control of the flexible beam’s vibration was studied by Guo et al. [10]. After the beam system was re-expressed as a heat-like
system, it was transformed into a target system using a backstepping technique. The original beam system was exponentially stable.

The stabilization of a shear beam rotating in the horizontal plane was studied by Dogan et al. [11]. The coordinate transformation
with the backstepping technique was used to design the controller and observer. This technique was formally developed by Krstic et al.
[4]. The proposed feedback control law achieved both a set-point regulation and vibration suppression. The results were satisfactory.

He and his colleagues examined the flexible maritime riser’s vibration boundary control [12]. The analysis also took the vessel
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model into account. Using Lyapunov’s direct technique, the stability of the control scheme was proved. In the case of Zhao et al. [13],
the riser displacement was decreased by the online control law. Investigations into the dead zone and saturation nonlinearities were
also conducted.

He et al. studied how to control the vibration of a Timoshenko beam with spatiotemporal disturbance [14]. For controller design,
Lyapunov’s direct method was employed. The boundary observer was designed to account for the disturbance.

A tutorial presentation of a control design based on energy consideration was given by Ortega et al. [15]. Passivity and energy
shaping concepts were presented. Matsuno et al. [16] considered the passivity of flexible mechanical systems. The Lyapunov function
was introduced, and the controller was then derived. The controller was the PD and strain control law. The invariance principle and the
differential operator were used for asymptotic stability proving.

The passivity-based control problem of the flexible beam was examined by Fard [17]. The controller was applied at the beam end.
Semi-group and operator theories were used to prove the stability. The observer was not necessary and the control spillover was
avoided because the beam model was not truncated.

The Timoshenko beam was investigated by Sasaki et al. [18]. The controller’s design was based on the beam’s passivity. Both
translational and rotational beams were studied. The neural network was also used for gain tuning.

Zhao and Liu developed a disturbance rejection control for a Timoshenko manipulator exposed to disturbances [19]. The distur-
bance estimation error converged to zero in a finite time.

A flexible aerial refueling hose’s boundary control was investigated by Liu et al. [20]. The boundary controller was designed using
the backstepping method. Additionally, the control performance of the proposed approach and the conventional PD control were
compared.

The spacecraft’s flexible appendage with external disturbance was considered by Liu et al. [21]. The observer-based control scheme
suppressed the vibration and tracked the desired attitude. An disturbance observer addressed the disturbance. It was also proven that
the controlled system was stable.

Liu et al. [22] studied an unmanned spacecraft’s vibration suppression and angle regulation. The adaptive NN control was
designed. The modified barrier Lyapunov’s direct method was used to ensure the angle tracking error in the limit.

Liu et al. [23] developed the boundary controllers for angle tracking and deformation suppression of a flexible variable-length
rotary crane arm. An observer was used to deal with unknown extraneous disturbances. The auxiliary systems were used to deal
with the asymmetric input saturations, and an asymmetric barrier Lyapunov function was used to verify the asymmetric output
constraint.

The observer-based boundary control was applied to a flexible robotic manipulator by Liu et al. [24]. The disturbance observer’s
function was used to control the arm’s position and dampen vibration. The stability and the well-posedness were shown.

Boonkumkrong et al. applied the boundary controller with a sliding base for vibration control of the shear beam. The effects of the
parameter change of both the system and the controller on the control performance were studied [25].

In this paper, we investigate the suppression of the undamped shear beam vibrations. A passivity-based controller will be developed
using the energy approach. The control design employs the beam’s passivity property. The beam’s energy function is chosen as a
storage function and used to determine the control law. The designed controller is implemented by applying a shear force at the beam
end. In this design approach, we deal with the PDE of the system directly. Model approximation or reduction is unnecessary; any term
in the model is not truncated, so there is no control spillover problem. In the case of a non-collocated setup, the sensing and actuation
are placed at the opposite boundaries, so a state estimation is needed. In this paper, we choose the backstepping observer for the state
estimation.

This paper’s main contributions include the following: (1) This technique incorporates the energy perspective for the controller
design using the passivity property of the beam, (2) the sensing and the actuation configuration are non-collocated, and through the
moving base, it is readily implementable in practical applications, and (3) the original PDEs are deal directly without model reduction.

The rest of the paper is arranged as follows. The mathematical model of the shear beam with the moving base and boundary
conditions are introduced in Section 2. Sections 3 and 4 discuss passivity-based controller design and the backstepping observer.
Sections 5 and 6 deal with numerical computations, simulation results, and related discussion. The paper’s conclusion is displayed in
Section 7. The proof for L - stability is provided in AppendixA. Finally, the partial integrodifferential equation for the shear beam is
derived in AppendixB.

2. Mathematical model

In this paper, the undamped shear beam will be used for the study. This kind of beam can be represented in many forms. In our
controller design, the beam will be expressed as a coupled wave equation (1) and an ordinary differential equation (2) [18] as follows,

€ Wi () + W (1)) =wulx, 1) — @ (x,1), [@))
€@ (x,1) =@ (x,1) +wy(x,1) =0, ®)

where the subscripts x and t represent the derivatives with respect to space and time, respectively, w (x, t) is the beam displacement,x is
the space along the beam,W(t) is the displacement of the moving base,e > 0 is a positive constant dependent on the beam’s shear
property, and ¢ is the rotational angle induced by the bending only.

The cantilevered shear beam model is depicted in Fig. 1. The beam is free at the left end and attached to the moving base at the right
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b T U(t)

w

Moving base

Fig. 1. Shear beam model with a moving base.

[25].
The effect of gravitational force is neglected due to the beam starting to move from its equilibrium position.
From Newton’s second law, the equation of motion of the moving base is expressed as follows,

mW, (1) + (1, 1) = (1,0]=U() 3
where U(t) is the passivity-based controller implemented at the base, and m is the mass of the moving base. The first term of (3) is the

base’s inertia force, and the second term is the force acting on the base due to the beam.
The following boundary conditions (4)-(7) are to be applied to the solution of (1) and (2) [26]:

w(0,1) —¢ (0,1) =0, )
@, (0,0)=0 (5)
w (1,1)=0, (6)
v (1,1)=0. )

At the free end on the left, there are no shear force (4) and no bending moment (5). And at the right end fixed to the base, there is no
displacement (6) related to the base, and the slope (7) is zero.

3. Passivity-based boundary control

This section will design the boundary controller using the beam’s passivity property. The control purpose is to eliminate the
vibrating energy of the beam. To stabilize the system given by (1)-(2), which is subjected to the boundary conditions (4)—(7), the
following controller (8) is proposed,

U ()= —c W(t)+o(t),c1 >0, 8)

where c; is the positive constant and v (t) is an additional control element that needs to be identified. Notice that the first term on the
right-hand side of (8) is a damping.

The displacement w (x, t) will be written as w omitting the independent variables unless required. The storage function, V is defined
in (9) as follows [25],

1 . 1
v:f/ [w,+vv,fdx+f/ p2dx (9)
2 /o 2 Jo

I 1
+§A [p — wi] dx + 3m W2
Indeed, equation (9) is the energy function of the beam system. The integral terms are the kinetic and potential (strain) energies stored
in the beam. The final term is the moving base’s kinetic energy.

The rate of change of the energy in the beam can be obtained by differentiating the storage function, V, with respect to time,

1

1
V:g/ [W1+VV¢} [W11+W1 1] dx+£‘/ @y Pudx 1o
0 0
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1
[ ol o deem W
0

Substituting (1) into (10) to obtain

1 1
V:/ Wi+ W] [We — o] dx+£/ @, @, dx (11)
0 0

1
+/ [(ﬂ_wx] [(ﬂ[_wxr] dx+m W, W,,.
0
Multiplying the square brackets in (11) to yield,

1 1
V= [ b ak [ W g ar(2)
0 0

1 1 1
+e / @ Py dx+/ @ lp—w] dx—/ Wi [p—w,]dx
0 0 0

+mW, W, ,.

Due to the boundary conditions (4) to (7) and the integration of the second, third, and fifth integrals, (12) becomes,

v':[ Wi e — ] de+ W, (1) =g (1)] (13)

1 1
78/¢M¢,dx+/ @, |p—w dx

0 0

1
+/ W (@, — W] dx + mW,W,,.
0

From (2), the second and the third integrals in (13) vanish. Re-arranging the last integral and cancelling with the first integral so
(13) becomes

V=W, [w(1) =@ ()] +mW, W, 14)
Substituting (3) into (14)
V=W, [U@t)—mW,]+mW,W,, (15)
=W, U(1).
Substituting the controller (8) into (15), we get (16)
V=W, [—c W, +0v].(16)
For passivity proving, we let y = W; be an output, so (16) becomes (17) and then (18),
V=3(—c|5+v) 17)
=0y -y’
V<oy. (18)
3.1. Definition 1
If a storage function, V, a continuously differentiable positive semi-definite function, exists [27], then
'y >V, (19)

From (19), the system is said to be passive, where v and y represent the input and the output, respectively.
From definition 1, system (1) and (2) with the controller (8) is passive.
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3.2. Lemma 1

The system is finite gain Ly-stable if the output is strictly passive with 0Ty > V + &§y* for some 5 > 0 [27].

In AppendixA, the proof of Lemma 1 is shown.

Since system (1) and (2) with the controller (8) are output strictly passive, it follows from lemma 1 that the feedback control system
is finite gain L, - stable.

Because the beam is fixed to the moving base, the controller (8) can now be expressed as,

U(t)= —cw, (1,1) + v (1). (20)
Using the state feedback control principle, the additional control input » can be chosen. We define state feedback variable asy =
w (1,t). The system can be stabilized by the control v = —¢ (y') with any function ¢ such that y T(p (¥) >0and ¢ (0) =0forally #0,

then we can select the following feedback control (21) as an additional control component,

v (t)= —cow (1,1),¢0>0, 21)

where ¢y is a positive constant.
Substituting (21) into (20), we obtain,

U(t)= —cow (1,1) — cyw, (1,1). (22)

The feedback controller (22) is the passivity-based controller. The feedback variables are the displacement, w (1,t), and its de-
rivative, w,(1,t), at the beam’s base.

In this case, the sensing and actuation are placed at the same location (x = 1), so the state estimator is not required. The setup is
collocated.

The terms in the controller are meaningful in a real problem and correspond to physical variables. The first term is the damping
force used to damp out the vibration. The second term of the controller (22) is used to reshape the potential energy to 1/2cow?, which
has a unique minimum at w = 0 [27]. The proposed passivity-based controller perform like a proportional-derivative (PD) controller.
The control forces are exerted on the moving base via base movements.

4. Backstepping observer

In the last section, the beam setup is collocated i.e., the sensing and actuation are both located at the same boundary. For some
control applications, it may be desired to change the setup to an anti-collocation, i.e., the sensing and actuation are located at opposite
boundaries. This kind of setup makes the control readily implementable in practical applications. In this case, the sensor is moved to
the left boundary, and the actuator or controller remains applied at the right end. For this situation, a state estimation or an observer is
needed. The observer will use only measurements at the beam’s tip for the state estimation.

In this paper, the so-called backstepping observer is employed for state estimation. This novel method was developed by Krstic et al.
[4]. This kind of observer can be applied directly to the beam’s PDE.

Another way to write the undamped shear beam is as follows:

1
ewy=wy +bw+ b’ / sinh (b(x —y)) w(y) dy (23)

—b* cosh (bx) w(0) — b sinh (bx) ¢(0),

w(0) =¢ (0). (24)

AppendixB illustrates how (23)-(24) was derived. As before, the displacement w (x, t) will be written asw omitting the independent
variables unless required.
The backstepping observer is given by the following PDE,

€ B = P+ BP0 + / sinh (b (x—y)) W(y) dy (25)
0

—b” cosh (bx) w (0) — bsinh (bx) ¢ (0)

+7y(x,0) (w (0) = (0))

Wy (0)=¢ (0)+p (0,0) (w(0)=w (0)) (26)
—Co(wi(0) —,(0)),

B (1)=w (1), @7
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Fig. 2. Domain of the observer gain kernel PDE.
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X

Fig. 3. The observer gain function, p(x, 0).

where w is the estimation of w, p (x,y) is an observer gain kernel,c, is the positive constant, andb =1 //e. The observer employs the
measurements of displacement w (0, t) and angle ¢ (0,t) at the beam’s tip. Solving the PDEs (28)-(30) yields the observer gain kernels
Dy(x,0) and p (0,0) used in (25)—(26), respectively,

Py =P +b*p — b* sinh(b(x —y)) (28)

+b§/“p<¢doanh<bcx—:» e,

2

p ()= (- 1), (29)

p(1,y)=0. (30)

This PDE, which has a lower triangle as its domain and is of the hyperbolic type, is shown in Fig. 2.
Subtracting (25)-(27) from (23)—(24) yielding the following observer error PDE,

£y = i+ B+ B / sinh(b (x—)) W (y) dy. 31)
0

+py(x,0) W (0),
W, (0)= = p (0,0) # (0) + & ,(0), (32)
W (1)=0. (33)

where w = w — w is the observer error.
Using the following coordinate transformation
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0.25

(x.0)

Fig. 4. The observer gain function, p,(x,0).

Ax

At

i=1 i=I

Fig. 5. Calculation grid for the beam.

W) =7 () - / "p (0y) B0) dy. (34)

to convert Egs. (31-33) into the following target system,

€Uy =0y, (35)
0,(0) =7 v,(0), (36)
5 (1)=0,(37)

where ¥ is the state variable.

System (35)-(37) is known to be exponentially stable. From this transformation, the observer gain PDE (28)—(30) are obtained. The
proof of the convergence of the observer can be found in the paper of Krstic et al. [4]. The observer gain kernelsp (x, 0) and py(x,0), are
depicted in Figs. 3 and 4, respectively.

As shown by Krstic et al. [28], the variable, w (1) in (27), can be set to zero or substituted with some other control policy, in our
case, the passivity-based controller.

For the state estimation, the backstepping observer (25)-(27) with the observer gain kernel PDE (28)-(30) are used. In the case of
the observer, the feedback variables w (1,t), and w , (1,t) are used instead in the controller (38) as follows,

Ult)= —cow (1,1) —c1w, (1,7) (38)
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5. Numerical calculation

The finite difference (FD) method is used to compute the partial derivative and integral terms for the numerical simulation of the
beam’s dynamics. The first-order and the second-order difference equations are used to discretize the PDE’s derivative terms. The
integral term can be calculated using the trapezoidal integration rule. The calculation grid is shown in Fig. 5, where A x is the spatial
increment and A t is the time increment, which are indexed by i and j, respectively.

The finite difference equations can be used to express the beam model (23) as follows:

Wé“ = (2—2q+sb2) wl —Wf:i] +4q (WLI ""Wé—l)
0.5 sinh (b (x; — y1)) W]i
i—1

+s B> Ay Z sinh (b (x; — yi)) W}
=

0.5 sinh (b (x; — y;)) Wl
—s b* cosh (b x;) W) — Z—isinh (bx:) (W/Z — Wl]) (39)

where r=At/Ax,q=r2/e ands = (A1)? Je.
Fig. 5 shows the grid nodes or elements of the first and the second rows (colored elements) calculated using the initial conditions.

The elements wﬁl in each row are calculated from i = 2 to i = I — 1 by using the information from the previous two rows.
For the first element Wi1+1 at x = 0, equations (24), (B5) from AppendixB and (7) are employed to get (40) as follows,

WGH _ (40)

b*(4 x)?
cosh (b) (b Axtanh (b) — % LTI B1=y) - 1))

cosh (b)

-1

Z cosh (b (1 —y)) wi!
X\ =

+0.5 cosh (b (1 —y;)) wi""

For the last element, Wi“ at x = 1, can be calculated from (3) and (22) to obtain (41) as follows,

2 2
witl = (2(A 1) 761£,C0(A t)) W 41)
mAx m m
At @
ey =) g

For the observer, the calculation grid is the same as Fig. 5, but replaces the variable M with ﬁ{ . The finite difference equation of the

observer (25) is the same as (39) and there is a term s Pyil (Wil 71?/"1) added.
The first element (26) of the observer was expressed by (42) as follows,

prio_ 1 (42)
(1—Axp}+%)

><{ W;l—wéﬂ—l—(l—ﬂxp{)vvflﬂ
2 w4 }

The last element (27) was calculated from Wﬁ“ = M“
The observer gain kernel PDE, from (28) the elements p’l:’l can be expressed by the following finite difference equations,

o =~ A

—(4 ) sinh(b (x; —y;))
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Fig. 6. Calculation grid for the observer kernel.
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Fig. 7. Initial displacement and velocity at t = 0.

0.5 p sinh (b (xi —y;))

i1
+(Ax)’p? Z phosinh (b (x; — y0)) |- (43)

k=j+1
0.5 p} sinh (b (x; — y;))
The computation domain is 0 <y < x < 1. The calculation grid with the spatial increments A x andA y is shown in Fig. 6. The
diagonal and off-diagonal elements can be obtained from (29) and its derivative, respectively, and the last column can be calculated

from (30).
The calculation using (43) is performed backward from J — 3 and I — 1 since the known information is first available from there.

6. Simulation result and discussion

This section presents the beam simulations with and without the observer cases. The finite difference equations from the previous
section will be employed to solve the PDE.

The numerical simulations are performed using MATLAB code. Parameter values are ¢ =1,m =0.05,co =1.0,¢; =1.75and ¢y =
0.75. The time and space increments in the calculation are A t = 0.01 and 4 x = 0.025, respectively.

The following initial conditions are used to start the beam vibrating motion [4],

w o (x,0)=0.1 (1 —x)*sin (1.6 7 (1—x)) 44

w, (£,0)= —0.1 (1 —x)*sin (1.6 7 (1 —x)). (45)

10
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Fig. 9. Beam’s tip displacement of the uncontrolled case.

0.06 —
0.04 4

0.02

-0.02

wix.t)

-0.04 +

-0.06 <

-0.08

Fig. 10. Beam simulation with the controller.

Equations (44) and (45) represent the initial beam displacement and velocity, as shown in Fig. 7. For the observer, the initial
conditions are increased by 50%.

For the uncontrolled case, the beam model with no controller was simulated with the initial conditions. The system energy was
conserved since the beam model contains no damping term. Within the system, there are only energy transformations between po-
tential and kinetic energies. Fig. 8 demonstrates that the response is oscillatory. Fig. 9 shows the displacement of the beam’s tip.

Fig. 10 depicts the beam simulation with the controller applied at the moving base. In this case, the controller’s damping

11
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Fig. 11. Tip displacement and control action.
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Fig. 12. Beam simulation with the observer.
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Fig. 13. Ly norms of the system with/without the observer.

component, —c;w; (1,t) dissipated the beam’s vibrating energy. Finally, the beam reached its equilibrium through the elastic
component, — cow (1,t). Fig. 11 shows the tip displacement of the beam compared to the control action at the opposite end. The
feedback system was stabilized in the sense of L; - stability. For the control scheme proposed by Sasaki, the neural network algorithm is
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Fig. 15. Snapshots of the uncontrolled beam.

needed for parameter tuning so that the response can reach equilibrium [18].

The simulation result of the beam model with the observer (25)-(27) is shown in Fig. 12. The observer used the feedback from the
measurements at the beam’s tip, i.e., the tip displacement, w (0, t) and the tip velocity, w; (0,t). Note that the system with observer
began to vibrate from the initial conditions, which were 50% greater than the system without the observer. The beam was also Ly
-stabilized.

The Ly norm, or the Euclidean norm, as expressed in Eq. (46), is used to measure the energy level that remains in the system [27].

il =/ Tw e [ P 46)

The settling time is used to measure how fast the response is to settle down. It is the time taken by the beam’s Ly norm to be within
2% of the maximum L, norm of the initial conditions. Fig. 13 shows the Ly norms of the system with and without the observer.

For the system without the observer, the settling time was at t = 6.42, and for the system with the observer, it was att = 5.07.

The observer error is shown in Fig. 14. The observer error response decreases to zero as t — co.

Fig. 15 shows the snapshots of the uncontrolled beam in the sequences of time both without and with the observer. The beams in
both cases coincided after t = 3.75. The beam was endlessly vibrating since there was no damping to drive out the vibration.

The controlled beam snapshots are displayed in Fig. 16. The responses settled down to equilibrium with the controller in action.
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Fig. 16. Snapshots of the controlled beam.
7. Conclusion

The investigation on flexible beam vibration control was carried out in this research. The control scheme was designed on the
concept of energy. This method allows us to deal with the system’s PDEs directly. Furthermore, the control spillover was avoided since
the beam model was not truncated. The system’s energy function was defined as the storage function and then employed in controller
design. The proposed controller had the dynamics of the damper-spring mechanism. The feedback control system’s finite gain L; -
stability has been proved. Since, for the practical applications, the actuation and the sensing were non-collocated, then the back-
stepping observer was needed for state estimation. With the use of the finite difference approach, the PDEs were numerically solved.
The simulation results for the beam controls were shown, both with and without the observer. The controller is simple and effective in
eliminating the vibrating energy of the beam. For further research, the external loading and the disturbance will be included in the
controller design.

Acknowledgments

The authors appreciate Srinakharinwirot University and King Mongkut’s University of Technology, North Bangkok, for all their
support and cooperation on this research.

Appendix A

The proof of Lemma 1

Let V be a storage function, and its time derivative satisfies the following inequality [27]:
1

V<o'y=65'y= — 550 -58y)"(0-65) (A1)

L o 6_p_
+%U U—Ey y

1 )
< 35" Ty — iy 3.

Integrating both sides of the inequality over [ 0,7], yielding
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2 Vv @)~ Vi (0)].

For non-negative numbers a and b, the inequalities V > 0 and v/ a2 + b% < a + b, hold, so we get

_ 1 2
I3ell e <5l oell L +4/ 5 VW (0)), (A2)

where || ¥,|| 1, and || v.|| 1 , areL,- norms of the input and the output, respectively. So, this proves the lemma.

Appendix B
The partial integrodifferential equations of the shear beam.
The undamped shear beam model in the local coordinate x — y can be expressed as [4],
EW, r(x7 t) :Wxx(xa 1) — fﬂx(x7 1), (B 1)
€@ (x,1) —(x, 1) +we(x,1)=0. (B2)
Using Laplace transform to solve the ODE (B2) in x, yielding
¢ (x)=cosh (bx) ¢ (0) (B3)

b [ sinh (6 (=) w0 .

Performing integration to the integral term in (B3) to obtain,

@ (x)=cosh (bx) ¢ (0)+ bsinh(bx) w(0) (B4)

—b* /OX cosh (b (x—y)) w (y) dy.

Solving (B4) for ¢ (0) by setting x =1,

1

¢ (0) :m {(/)(1) — b sinh(bx) w(0) (B 5)

+b2/0 cosh (b (1—y))w(y) dyl.

Substituting ¢ (0) into (B4), we get

v (0) :%(fbx)) [¢(1) — b sinh(b) w(0) (B6)
+b2/0 cosh (b (1—y))w(y) dy]

+b sinh (bx) w(0) — b /0 " cosh (b (x—y)) w (3) dy.

Heliyon 9 (2023) e12740

To obtain (23), we differentiate (B6) with respect to x to get ¢, (x,t) and put it into (B1). From the boundary condition (4), we get

(24).
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