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Abstract: Considering the problems of total disturbances, i.e., higher harmonics, model uncertainties
and external excitations in a practical vibration control system, a compound vibration suppression
method is proposed for an all-clamped plate, which combines sliding mode control (SMC) with
reduced-order extended state observer (RESO). First, a state space model of the all-clamped plate with
inertial actuator is established. Second, a RESO is designed to estimate the system state variables and
total disturbances in real time. In addition, the total disturbances can further be attenuated by RESO
through a feedforward compensation part. Third, a sliding mode controller based on the estimation
values is designed for a vibration control system. The Lyapunov stability theorem is further applied
to prove the stability of the whole closed-loop vibration control system with the proposed controller.
Finally, vibration control experiment equipment is built based on the NI-PCle acquisition card, inertial
actuator and acceleration sensor to verify the vibration suppression performances of the proposed
method. The experimental results show that the amplitude value of vibration has been reduced by
75.2% with the proposed method, while the amplitude value is reduced by 54.5% with the traditional
sliding mode control method based on an extended state observer (SMC-ESO). The comparative
experimental results illustrate that the proposed method has excellent anti-disturbance and vibration

suppression performances.

Keywords: sliding mode control; all-clamped plate; reduced-order extended state observer; vibration
suppression

1. Introduction

Thin plate materials are widely applied in engineering fields, including aerospace
engineering, ships and warships, vehicle engineering and mechanical engineering, due to
their light weight and large flexibility [1,2]. However, it is very easy to be excited by model
uncertainties, higher harmonics and unknown external excitations, resulting in resonance
and noise, structural damage, safety reduction and system collapse. In addition, there
are other factors causing vibration, such as shell vibration caused by marine propulsion
shafting, coupling vibrations between traction motor and driveline and the panel fluttering
caused by air flow in a narrow passage [3-5]. Therefore, vibration suppression has great
research significance in engineering fields [6,7]. In recent years, inertial actuators have
been widely pasted on the all-clamped plate as actuators of vibration suppression control,
because inertial actuators can precisely suppress vibration in a broad band with rigorous
structural requirements [8,9].

Various advanced methods have already been studied to suppress the vibration of
an all-clamped plate effectively. Direct velocity feedback control is applied in practice by
using band-pass filter to integrate the signal of the acceleration sensor [10,11]. Proportional
control, integral control, derivative control and PID methods are applied in Ref. [12], re-
spectively, to reduce the vibration and sound radiation of a flat panel. Phase compensation
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is adopted to deal with the phase displacement problem caused by inertial actuators [13].
An optimal velocity feedback controller is proposed to use the least kinetic energy and
consume the most energy [14]. Although these vibration control methods have the advan-
tages of uncomplicated structure and easy application, the performance is very dependent
on accurate mathematical models of the system. However, modeling errors inevitably
exist in the actual vibration experiment because of the uncertainty of model parameters,
complex boundary conditions, measurement noise, unknown external forces and high
order harmonics [15]. Therefore, controllers relying on models are difficult for obtaining
satisfactory control results with total disturbances [16-18]. In the last few decades, many
active vibration control methods have been proposed to address the challenges of total dis-
turbances and nonlinearity [19,20]. These control methods can improve the anti-disturbance
ability in different aspects, but it is difficult to suppress the total disturbances effectively
without an accurate mathematical model. For instance, the superiority of the sliding mode
control method is that it has a strong anti-disturbance ability [21], while the use of the SMC
method is constrained due to the sensitivity of mismatched disturbance and the chattering
phenomenon [22]. In order to deal with the difficulty, the disturbance estimation methods
are proposed to eliminate the disturbances and uncertainties of the system, which can
solve the chattering phenomenon completely. The disturbance-observer-based controller
(DOBC) has been broadly applied in industrial control systems via a feedforward part
to compensate internal and external disturbances [23]. Following the direction, the SMC
method based on a nonlinear disturbance observer (NDOB) has been proposed to eliminate
the mismatched disturbance [24]. The disturbance observer combined with an integral
sliding mode control (ISMC) can effectively counteract serious chattering for the system
with mismatched disturbance by introducing a low pass filter [25].

Extended state observer (ESO) is another disturbance estimation method for the total
disturbances, originally proposed by Han [26]. The control framework based on ESO, i.e.,
active disturbance rejection control (ADRC), can also compensate the total disturbances
via the feedforward part to improve system performance [27,28]. Recently, ADRC has
excellent control characteristics in handling uncertain objects and decoupling control, so
it has been widely applied in industrial systems. In addition, chattering phenomenon
generated by SMC can be defined as total disturbance and compensated through ESO [29].
The satisfactory anti-disturbance performance can be obtained by selecting a large value
observer bandwidth of ESO, while the increasing observer gain of the bandwidth will bring
the poor anti-noise ability [30]. In Ref. [31], a RESO is applied to address the problem
of poor anti-noise ability caused by the increase of bandwidth gain, and it is easier to
implement than ESO.

Considering the chattering and the increasing of the bandwidth value, a sliding mode
control method based on a reduced-order extended state observer is proposed to achieve
the excellent control performance of the all-clamped panel vibration suppression system
for reducing noise in this paper. In particular, the proposed method can obviously reduce
chattering. In addition, a RESO is designed to obtain a lower bandwidth gain, aiming at
addressing the problem of poor anti-noise ability caused by the increase of bandwidth gain.

The main content of this paper is as follows. A practical mathematic model of the
all-clamped plate vibration system with the inertial actuator is given in Section 2. A sliding
mode controller based on a reduced-order extended state observer (RESO) is designed
in Section 3, to suppress the structural vibration. Then, the stability of the proposed
vibration suppression method is discussed in detail in Section 4. The experimental results
on vibration control are given to compare the proposed sliding mode control method based
on reduced-order extended state observer (SMC-RESO) against the traditional SMC-ESO in
Section 5. Finally, a summary of the whole paper is provided in Section 6.
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2. System Description
2.1. Mathematic Model of the All-Clamped Plate

The typical model description of the all-clamped plate with an inertial actuator studied
is shown in Figure 1. The inertial actuator m; is connected to the structure mass m via
stiffness coefficient ks and damping coefficient c;. The parameter m is connected to the
ground through stiffness coefficient k and damping coefficient c. An inductor L, and a
resistor R, are connected in series to form the electrical impedance of the inertial actuator.
The voltage across the coil is expressed as u,. The vibration output xs and x represent the
displacement of ms and m, respectively. The force F is produced by external disturbance,
while the force f is caused by supplying alternating current i to the coil. Due to the structure
drawing of the system in Figure 1, the related equations of the system can be established
as follows:

msXs + cs(xs — x) + ks(xs — x) = —BIi, (1)
Le% + Rei+ Bl(xs — x) = u, )
mx + cx + kx + s (x — x5) +ks(x — x5) = Bil + F, ©)

where B and [ are electromagnetic inductance coefficient and coil length, respectively.

Inertial
actuator l’ m, |
X, L

Cs L] ks ue'\)&AMAJ
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All-clamped e K
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LSS /

Figure 1. Structure drawing of all-clamped plate with inertial actuator.

According to the Equations (1)-(3), the system variables can be defined as
X] =X, Xp = X, X3 = X5, X4 = X5, X5 = 1, d = %, so the system state space model
can be simplified as follows:

iy 0 1 0 0 0 lrxm] ro 0F
. —ks—k —cs—c ks Cs Bl
X2 m m m m m X2 0 1 y
=] 0 0 0o 1 0 ||xn|+|o o @
: ks Cs ks Cs Bl d
X4 ms ms ms ms ms X4 0 O
. 1

(] | o B o B R||x]| Lz Ol

Due to the displacement and velocity of the all-clamped plate being seriously coupled
with the displacement and velocity of the inertial actuator, two sensors are needed to
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measure the motion physical quantities of the all-clamped plate and the inertial actuator,
respectively, which will increase the cost. The vibration output parameters x3 and x4 of
the inertial actuator can be regarded as disturbance to the all-clamped plate, so the system
model is improved as follows by taking the Laplace transform of x5 = f(x2, x4, x5) + £- in
Equation (4):
Re

x5(s) = sfﬁ (%xz(s) - %x;;(s) + R%u(s))

E

Q)

2.2. Problem Statement

The Bode diagram of G(s) has been drawn as shown in Figure 2 with L, = 0.002 mH
and R, = 7.5 Q) can be measured. According to Figure 2, the value of G(s) can be regarded
as equal to 1, when the frequency is less than 1000 rad/s. So, Equation (5) can be further

deduced as follows:
(Bl BT ©
STARTTRTYTR,
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Figure 2. Bode diagram of transfer function G(s).

According to Equation (6), Equation (4) can be re-written as a second order equation
as follows:

u—l—[(l)]d ?)

mR, mR,



Energies 2022, 15, 1780

50f12

0 1 0 0 s 17
Where A] = _M _RB(CS-"-C)—(Bl)z 7 A2 = CSRE—(BI)Z 4 B = [ 0 mLe :| 4

m mR, % mR,
E=[0 1 ]T, (=[x x }T, n=[x3 x4 ]T, so Equation (7) can be abbreviated as
follows: ‘
¢ = AyC+ App+ Bu + Ed ®)

Remark 1. The polynomial AqC and Ay are the model data of the all-clamped plate system, which
can be classified as the internal disturbance and the external disturbances generated by the model
error and inertial actuator effects on the system, respectively. The parameterEd is reqarded as
external disturbance from external incentives. The coefficient B is the gain matrix of the controller.
So, the vibration control system can be described as the following state-space model.

Xp =X

{ Xp = fa+bou )
y=xn

This article highlights two main issues. (1) The above internal and external distur-

bance are defined as total disturbances f;. (2) A RESO is designed to obtain a lower

bandwidth gain, aiming at addressing the problem of poor anti-noise ability caused by the

increase of bandwidth gain. In addition, the calculation of the controller becomes much
simpler with RESO.

3. Controller Design for the Structural Vibration System
3.1. Traditional Extended State Observer Design

The target displacement of the system is = 0, so the state space model of system can
be written as following state space model with tracking error e; = r — x;.

{@:Q , (10)

ep = —fg — bou

where by is the estimation value of b. Due to the error between real and estimated total dis-
turbances, Equation (10) can also be further described as Equation (11) withv = u + f;/bo

and ¢ = fd - fd‘
él =e
ey =e3—bov , (11)

€3 = ¢

where f; is the estimated value of the total disturbances. The parameter ¢, described by
a new disturbance variable attenuated by sliding mode controller, is the error between
faand fy. If it is precisely estimated, the total disturbances will be attenuated to be zero.
According to Equation (11), the ESO can be designed as follows:

e = )\1 — €1

A=Ay — pre (12)
Az = Az — Boe —bou

A3 = —PBae

where A;(i = 1,2,3) are the estimated value of e;, and §; are the gains of ESO. The value can
be obtained according to the bandwidth method in Ref. [32].

3.2. Reduced-Order Extended State Observer Design

If the bandwidth value of the observer is larger, the gain of the high frequency band
becomes larger, while the anti-noise capability of the system becomes worse. In addition, a
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second-order RESQO is designed because the value of system state e; can be measured by
sensors. According to Equation (11), the RESO is established as follows:

2y = z3 + Pozer — Po1(z2 + Porer) — bou
z3 = —Poa(z2 + Porer)

& = za+ Porer

& = z3 + Poer

/ (13)

where Bg1, Bo2 are defined as the gains of RESO. The parameters zy, z3 are state variables
of RESO. ¢, €3, which represent the estimated value of e, e3, are the outputs of RESO.
According to the bandwidth method, the RESO gains can be given as By = 2wy, o2 = wo?,
so the estimated speed value of RESO can be accelerated if there is no need to estimate e;.

3.3. Sliding Mode Controller Design

Considering the state space error model, there exists three characteristics. First, ex-
ternal disturbances and internal uncertainties are defined as total disturbances without
considering the type of disturbance. Second, a chattering phenomenon generated by SMC
can be defined as total disturbances and compensated through RESO. In addition, the
observer error in Equation (11) is smaller than that in Equation (10), which is attenuated by
SMC, so the sliding surface is designed as follows:

s =ce;+eq, (14)

where c is a positive value of the sliding mode surface, which satisfies Hurwitz’s condition,
so the derivative of the sliding mode surface could be obtained as follows:

s =cey+e =cep+e—byv (15)
Exponent reaching law Equation (16) is selected as follows:
s = —ks — yjsgns, (16)

where k is the speed that system reaches at the sliding surface. The symbols sgns and # are
the sign function and the parameter of sign function, respectively. When s is larger, which
means moving point far from sliding mode surface, the system can reach at the sliding
surface fast. When s is small, the system can reach at the sliding mode surface in limited
time by sign function. According to Equations (15) and (16), the control law is expressed as
follows:

v =1/bo(ces + ks + € + n7sgns) = 1/by(ces + ks + 11'sgns), (17)

where the value of i’ satisfies 7' > | ¢ |+ | # |. The magnitude of chattering is related to
the value of 7. Chattering can be eliminated when disturbances are attenuated to zero with
accurate estimation of total disturbances by RESO. Finally, the control law of SMC-RESO is
derived as follows:

u =1/by(cé; + ks + n'sgns — &3) (18)

The SMC-RESO control system for all-clamped plate is shown in Figure 3. The
estimation value of total disturbances is eliminated in the feedforward part; thus, the
burden of the sliding mode controller can be reduced.
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Figure 3. Vibration control system structure.

4. Stability Analysis of the Proposed Controllers
4.1. Convergence Analysis of RESO

The observed error of RESO is defined as E, = é, — ey, E3 = é3 — e3, and then
Equation (19) can be obtained as the follows:

{ Er = —BonEr+ E3 19)

E3 = —BonE —¢

Equation (19) can be further written into the state space form as follows:

HEEHREM -

Then, the characteristic polynomial of Equation (20) can be obtained:

det(pl — A) = p* + Borp + Boz = (o + wo)?, (21)

where p = —wp <0, and ¢ is bounded. In addition, the poles of the system are located in
the left half plane, so the proposed RESO is convergent.

4.2. Stability Analysis of Sliding Mode Controller
The vibration system is composed of the abovementioned. The stability of the sliding

mode controller can be proved by the Lyapunov stability criterion by selecting the following
Lyapunov function:

== ES ’ (22)

The derivative of Equation (22) is obtained as follows:
V =5 = s(czy — bgv + €) = s(—ks — if’sgns + ¢) <

2 (23)
s(—ks —n*sgns) = —k| s |"—n*| s | <0

where the value of 7* satisfies 7* > | ' |+ | ¢ | > 0. The designed sliding mode
controller satisfies Lyapunov stability criterion. Therefore, the system can move to the
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sliding mode surface s = 0 in limited time. The sliding mode motion can be described as
follows:
s=ce;+é =0, (24)

Equations (25) and (26) can be derived from Equation (24):

s=ceg+é+eg—eg=ceg+eg+E =0, (25)

é1 = —ce1 — E2 =0 (26)

Combining Equations (20) and (26), the system state space model can be described as

follows: _

?1 —C -1 0 €1 0

E, | = 0 —fBp 1 E, | + 0 1, (27)
ES 0 —ﬂQQ 0 E3 —£

det(pI — A) = p° + (Bor + ¢)p® + (Borc + Bo2)p + Poac =0, (28)

where the parameter ¢ is bounded. By choosing suitable parameters, the poles of the
characteristic polynomial are arranged in the left half plane to make the system stable.
Then, the state of the closed loop system converges asymptotically to the origin value along
the sliding mode surface.

5. Experimental Verification
5.1. Experimental Set-Up

An all-clamped plate with dimensions 500 mm x 500 mm X 1 mm is researched to
verify the effectiveness of the SMC-RESO method studied in this paper. The vibration
control platform built is shown in Figure 4. The PSV-500 laser vibrator measures inherent
vibration mode of the all-clamped plate. The inertial actuator and acceleration sensor (IEPE
CA-YD-160) are pasted at the place of maximum strain with the principle of collocated
configuration. The HEV-20 exciter is placed on the right side of the panel to simulate the
external disturbance excitation, and select a sinusoidal excitation signal with a first-order
mode frequency of 48.5 Hz. The input signal collected by NI PCI-6343 is amplified through
the constant-current source adaptor and transmitted to the Analog Input port in Simulink
(MATLAB). Then, the control signal processed by controller is transmitted to the Analog
Output port, which will be amplified by a power amplifier (HVP-300) to make the inertial
actuator control the vibration of the all-clamped plate. The parameters of the inertial
actuator used in the experiment are shown in Table 1.

Figure 4. The experimental platform of vibration control.
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Table 1. Inertial actuator parameter.

Parameter Value
Quality, m, (kg) 0.06
Stiffness, r; (N/m) 710.61
Damping ratio, k, 0.02
Force constant, BL (N/A) 34
Coil resistance, R, () 7.5
Coil inductance, L, (H) 0.002
Natural angular frequency, w. (Hz) 16.3

5.2. Experimental Results and Analysis

In order to verify the superiority of the SMC-RESO based vibration control method,
a comparison experiment with the SMC-ESO method is carried out on the same plate
structure. For comparison, the same frequency and amplitude of signals are applied to
excite the vibration structure. When these two controllers almost achieve their optimal
control effects, the parameter selections of the them are shown as follows: The parameters
are chosen ¢ =400, k =10, 7 =2, b = 4000, w = 12 for SMC-ESO, and ¢ =10, k=0,717 =2,
b =500, w =15 for SMC-RESO.

The results of the experimental comparison for the two controllers are shown in
Figure 5, where the output voltage amplitude before the control is approximately equal to
1.65 V. When the SMC-ESO controller is adopted, the amplitude is reduced to 0.75 V, which
is reduced by 54.5%. When the SMC-RESO controller is adopted, the voltage amplitude
is dropped to 0.41 V, reduced by approximately 75.2%. Obviously, the vibration control
performance of the all-clamped plate based on SMC-RESO method is better than SMC-ESO.

=
-~ 2
S 154 1 I ' | ” u —without control
B 05
: p H w H fl mi u M u't'“ ut m 'H'M I I H'i"l I
0 H T A I
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=
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Figure 5. Time domain response.
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In addition, Figure 6 shows the FFT results of vibration amplitude. As is shown, the

amplitude value of vibration has been reduced from 2.65 dB to —5.67 dB with the SMC-ESO

method, decreased by approximately 8.32 dB. After adopting the SMC-RESO controller,
the amplitude has dropped from 2.65 dB to 10 dB, a total decrease of 12.65 dB. The control
voltages of the two controllers are seen in Figure 7. The control voltage of SMC-ESO
controller is 4 V, and the control voltage of SMC-RESO controller is 3.7 V. Compared with
the two control voltages, the SMC-RESO controller has better control performance with
lower control voltage. Data analysis is shown in Table 2.

Amplitude/dB

-60 -

-70 +

-80

Without control

————— With SMC-RESO
With SMC-ESO

Amplitude/dB

100

Without control

----- With SMC-RESO
With SMC-ESO

200 250 300 350
Frequency/Hz

(@)

150 400 44

L L
45 46

L
47

. . | | | |
49 50 51 52 53 54 55
Frequency/Hz

(b)

L
48

Figure 6. The FFT results of vibration amplitude: (a) frequency-response curve and (b) local

frequency-response curve.

%’0 « HH W (W HW( L“TWI
4 HH WHM ( HJHHM |
2 H\ W “u { m I%
: ﬂ « M “ ‘M M * \ W \

Figure 7. Experimental control voltage curves.
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Table 2. Output amplitude of different controllers.

Controller

FFT Amplitude

Output Voltage Degree of Inhibition FFT Amplitude Reduction Value

Without control
SMC-ESO
SMC-RESO

1.66 V — 2.65dB —
075V 54.5% —5.67 dB 8.32dB
041V 75.2% —10dB 12.65 dB

References

According to the table, the traditional SMC-ESO method has a good effect on internal
and external disturbance. However, due to the limited computing capacity of the NI-PCle
acquisition card, time-sharing multiplexing is required. In order to further improve the
performance of the system, the controller must be optimized. Therefore, the RESO method
is adopted to reduce the amount of computation of the controller and use a smaller input
to achieve better output performance.

6. Conclusions

In this paper, a compound sliding mode vibration control strategy based on a reduced-
order extended state observer is proposed to solve the problems of uncertainty, high order
harmonics and external disturbances in the vibration control system of the all-clamped
plate. First, external disturbance and internal uncertainty are defined as a total disturbance
which are estimated by RESO, and vibration suppression is achieved by compensating
disturbances through feedforward part. In addition, observer errors are attenuated by
SMC. As can be seen from the analysis of experimental results, the proposed SMC-RESO
controller has excellent vibration performance and robustness compared with SMC-ESO.

At the same time, there are several tasks in the future. First, RESO is an observer
with infinite time convergence, while disturbances is usually finite dimensional. It will be
researched to suppress disturbances in finite time. Theoretically, an observer with finite
time convergence can be obtained by changing the structure of RESO, which can improve
the efficiency of the observer, and experimental verification will be carried out. Second,
when external disturbances cannot be measured, vibration engineers can use the proposed
method, because external disturbances and internal uncertainties, i.e., total disturbances,
are defined by RESO as an extended state variable.
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