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Abstract: This paper proposes a scheme to control the low-frequency vibration of pipelines by
using magneto-rheological (MR) vibration reduction technology. The state equation and the transfer
function of the pipeline system are established, and its stability and the sinusoidal excitation response
are analyzed. The prototype of MR damper is developed. The dynamic characteristics of MR
damper are tested and the double-sigmoid model of MR damper is established. The two-state
control, Proportion Integration Differentiation (PID) control and sliding-mode-variable-structure
(SMVS) control methods of pipeline vibration using MR damper are analyzed comparatively, and the
vibration control laws are deduced. The simulation analyses are carried out to predict the control
effect of different pipeline vibration control algorithms. The verification tests through a semi-active
measurement and control platform are carried out, and the feasibility and applicability of different
pipeline vibration control strategies are analyzed. The test results show that the three kinds of
pipeline vibration control methods based on MR damper can effectively control the pipeline vibration.
Especially, SMVS control has the best vibration control effect, the pipeline amplitude drop and the
acceleration drop can reach 22.31 dB and 16.34 dB respectively, while the amplitude attenuation rate
and the acceleration attenuation rate can reach 92.34% and 84.77%, respectively.
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1. Introduction

Pipeline system is an important carrier for the transmission of fluid and energy, which is widely
used in power machinery, ship, aerospace, petrochemical industry, thermal system, sewage treatment
system, water supply, drainage system and other fields [1,2]. During the flow process of fluid medium
in pipeline, the pressure and velocity of fluid medium in pipeline will change due to the change of
pipe diameter, pipe turning and other factors, as well as the opening, regulating and closing of valves
in pipeline. The impact of pulsating fluid on the pipe wall will cause the vibration of the pipeline [3].
Moreover, the external vibration will also transmit the vibration of the matrix structure to the pipeline
system through the pipeline connection fixture. Thus, vibration reduction of the pipeline system is
crucial to the industrial production.

Over the past several decades, many research efforts have been made to study the dynamic
behavior of pipeline, and several methods are proposed to settle structural vibration problems [4-7]. In
arelated field of vibration control, attaching a tuned mass damper (TMD) has become a widely accepted
method for flexible and low-damped structures. Li et al. [8,9] proposed a pounding tuned mass damper
(PTMD) which used the impact of a tuned mass with viscoelastic materials to mitigate the vibration of
the flexible pipeline structures. Kiyar et al. [10] designed a pipe wall actuator, which was driven by an
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electromagnetic element for the active control of structure-borne and fluid-borne waves in a polyvinyl
chloride (PVC): pipe filled with low-pressure water. Kartha [11] designed two types of fluid actuators
(a side-branch actuator driven by an electromagnetic shaker and a Helmholtz resonator assembly with
piezoelectric composite inside) to reduce the vibration power flow in a low-pressure fluid-filled pipe
(7000 Pa). Yau et al. [12] presented an active control system using piezoelectric actuators based on
regulator theory and robust control theory to restrain vibration of self-excited pipes.
Magneto-rheological (MR) damper based semi-active control systems could provide the reliability
of a passive system and approach the effectiveness of an active control system without requiring
heavy power supply. MR dampers have the advantages of strong damping force, broad temperature
range, low energy consumption, fast response and simple structure [13,14]. Therefore, MR dampers
have been widely applied in vibration and shock control, high-rise building anti vibration, vehicle
suspension system, precision machining and crash worthiness systems [15,16]. It is feasible to control
the vibration of pipeline by installing MR dampers in the fluid dynamic pipeline system, and using
intelligent control strategy to control the vibration automatically according to the pipeline’s vibration
response. The pipeline vibration control system based on MR damper is shown in Figure 1.
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Figure 1. Schematic diagram of pipeline vibration control system based on a magneto-rheological (MR)
damper: (a) Structural diagram; (b) Control block diagram.

In this research, to reduce the low-frequency vibration, a semi-active control method for pipeline
vibration based on MR damper is proposed. Firstly, a MR damper for pipeline vibration control is
developed and the dynamic model of the MR damper is established. Then, the mechanism of pipeline
vibration is expounded, the state equation of pipeline system is established, the transfer function of
pipeline system is deduced, and the stability of pipeline system and sinusoidal excitation response are
analyzed. Finally, the semi-active vibration control algorithms of pipeline, such as two-state, PID and
sliding-mode-variable-structure (SMVS), are proposed, and the vibration control law of pipeline is
deduced and simulated. The semi-active vibration measurement and control system of pipeline based
on MR damper is built, and the vibration control performances of different pipeline vibration control
algorithms are tested.

2. Model Description of MR Damper for Pipeline Vibration Control

According to the authors’ previous research [17,18], the double-ended shear-valve mode MR
damper prototypes are fabricated in accordance with the characteristics of pipeline vibration. The
testing system (as shown in Figure 2) includes the INSTRON-8801 test system, MR damper prototype
and current controller. When the control current is 0—4 A, the dynamic characteristics of the MR
damper are shown in Figure 3.

It can be seen from Figure 3 that, the damping force of the developed MR damper will enhance
with the increasing current. As the current increases from 0 A to 1.5 A, the damping force is significantly
proportional to the increment of the current. When the current exceeds 1.5 A, the damping force will
slightly increase as the current increases. It is obvious that as the displacement and the velocity change,
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the damping force is slightly influenced under the same current, which implies that the damping force
of the MR damper is not critically dependent on the displacement and the velocity.
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Figure 3. Dynamic characteristics of the MR damper: (a) Force-displacement curve;

(b) Force-velocity curve.

In order to simulate the damping effect of MR damper under different vibration control algorithms,
it is necessary to establish a dynamic mathematical model of MR damper and define the model
parameters. Li et al. [19] proposed an double-sigmoid model, which took into account the effects of
control current and excitation properties. The model had concise function form and high recognition
accuracy, which could accurately and simply describe the output characteristics of MR dampers.

The damping force of MR damper based on the improved double-sigmoid model can be

expressed as:

; 1 — —2(x—xosgn(x)) ) 1
R ppeTem—s M

where, f; is the adjustable coulomb damping force, ¢, is the viscous damping coefficient, x and x are
the relative displacement and speed of MR damper piston and cylinder, xg is the displacement value
of the MR damper force-velocity hysteresis curve when the damping force is zero, a is the velocity
adjustment coefficient of coulomb damping force. Therefore, there are four undetermined parameters
fa, ¢4, xo and a. Among them, the Coulomb damping force f; can be calculated, c; is the MRF zero field
dynamic viscosity, xo can be obtained through the MR damper test data, and so only a needs to be
identified in the model.

The parameters of the double-sigmoid model are identified by genetic algorithm, Figure 4a shows
the basic flow chart of genetic algorithm. The MATLAB genetic algorithm toolbox is used as shown
in Figure 4b. Using the experimental data of the MR damper, the undetermined parameters in the
double-sigmoid model can be identified.
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Figure 4. Genetic algorithm of parameter identification for the double-sigmoid model: (a) Flow chart

of genetic algorithm; (b) Genetic algorithm toolbox.

The function type selected through parameter identification is the minimum square value of the
difference between simulation force and experimental force, to ensure that the final result of parameter
identification can approximate the real value as possible. The fitness function can be expressed as:

fitness = —Z(

FZS

|

F max — mm

@

where, F; f is the simulation value, Fj, is the experimental value, m is the number of test sites, Finax is
the the maximum value of the initial population, Fyy, is the minimum value of the initial population.
The recognition results are shown in Figure 5.
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Figure 5. Dynamic characteristics of MR damper under control current of 0, 2, 4 A: (a) Force-displacement
curve (0 A); (b) Force-velocity curve (0 A); (c) Force-displacement curve (2 A); (d) Force-velocity curve
(2 A); (e) Force-displacement curve (4 A); (f) Force-velocity curve (4 A).

3. Research on Semi-Active Pipeline Vibration Control System

3.1. State Equation of Pipeline System

The pipeline vibration control system is composed of pipeline, fluid medium in pipeline and
MR damper, as shown in Figure 6. In the working process of pipeline system, fluid pulsation inside
pipeline and vibration excitation outside pipeline act on the pipeline together, which will cause pipeline
vibration. The pipeline vibration control system based on the MR damper can dynamically adjust the
damping force of the MR damper according to the vibration characteristics of the pipeline, thereby
controlling the vibration of the pipeline.

Figure 6. Schematic diagram of pipeline system.
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The motion equation of pipeline under environmental disturbance can be expressed as:
MX(t) + CX(t) + KX(t) = DsF(t) 3
X(to) = Xo X(to) = Xo

where, X is the pipeline displacement vector, M, C and K are the mass, damping and stiffness matrix
of pipeline respectively, D; is the environmental disturbance location matrix, X (o) and X (tp) are the
initial displacement and velocity of pipeline.

In order to control the vibration response of pipeline system, MR dampers are installed in the
pipeline system. The control force provided by MR damper is U(t), and the corresponding position
matrix of MR damper is Bs. Then the motion equation of the pipeline under the control of the MR
damper can be expressed as:

MX(t) + CX(t) + KX(t) = DsF(t) + BsU(t) (4)

Since the displacement X(t) and velocity X(t) of the pipeline system are independent variables,
the system state vector can be expressed as:

z(t) = [ X(t) ] ©)
2nx1

In the state space, the controlled piping system described by Equation (4) can be expressed as:

{ Z(t) = AZ(t) + BU(t) + DF(t) ©)
Z(ty) = Zo
In Equation (6):
0 I
A= [ 4 4 ] @)
-M"K -M"C 2nx2n
Onxp ]
B= 8
|: M_lBs 2nxp ®
07’!)(7
D= 9
[ M_lDS Lnxr )
where I, is the unit matrix.
The output state of pipeline system controlled by MR damper can be expressed as:
Y(t) = CoZ(t) + DoF(t) + BoU(t) (10)

where Y(t) is the output vector, Cj is the output matrix, Dy and By are the direct transfer matrix.
Synthesizing (6) and (10), the controlled pipeline system under environmental disturbances can
be described as:

{ Z(t) = AZ(t) + BU(t) + DF(t)  Z(ty) = Zo an

Y(i’) = CQZ(t) + BoU(f) + DQF(t)

3.2. Frequency Response Function and Transfer Function of Pipeline System

For a single-degree-of-freedom piping system, the following equation can be obtained by Fourier
transform at both ends of Equation (4):

- w*MX(w) + joCX(w) + KX(w) = F(w) (12)
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The frequency response function of the pipeline system is as follows:

u
H(w) = @) _ L (13)
Flw) —w?*M+ joC+K
The polar form of Equation (13) can be expressed as:
[Fo) = e
(K=0?M)”+(wC) (14)
¢ = arctan K:((:)JZCM

where )H (a))| is the amplitude-frequency characteristics of frequency response function, ¢ is the
phase-frequency characteristics of frequency response function.

The transfer function of the piping system is the ratio of the Laplace transform of the system
response to the Laplace transform of the system excitation. The Laplace transforms of excitation F(t)
and response U(t) are defined as:

F(s) = fo +OoF(t)e_Stdt (15)

-+ 00
U(s) = fo U(t)e™tdt (16)

where s = 0 + jw is the Laplace transform variable.
Under the zero initial condition, the following equation can be obtained by Laplace transformation
on both sides of Equation (4).
(Ms? + Cs + K)U(s) = F(s) (17)

Therefore, the transfer function of the piping system can be express as:

U(s) 1
F(s) Ms24+Cs+K

H(s) = (18)

3.3. Comparative Analysis of Simulation of Different Vibration Control Algorithm

Based on the establishment of the pipeline system state equation, the pipeline system frequency
response function and the transfer function, two-state control algorithm, SMVS control algorithm, PID
control algorithm were employed to optimize the system characteristic parameters through simulation.
The simulation models were established by using MATLAB.

3.3.1. Two-State Vibration Control Simulation

In order to reduce the vibration response of pipeline as possible and make the pipeline always
move to the equilibrium point after disturbance deviation, the following two-state vibration control
method is established.

{Pz xx >0
U= (19)

F xx <0

Equation (19) shows that when the pipeline is away from the equilibrium position under external
disturbance, the MR damper is controlled to output a large control force; and when the pipeline is close
to the equilibrium position, a small control force is output. However, the control algorithm takes the
pipeline vibration balance point as the switching condition. When the pipeline vibration is in the initial,
final or small amplitude, the two-state vibration control algorithm can easily lead to the overshoot of
the control force and local amplification of the dynamic response of the pipeline. In order to solve
the disadvantage of poor control effect of two-state vibration control near the pipeline equilibrium
point, a dead zone is set up near the equilibrium point, that is, when the pipeline vibrates in the dead
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zone, only the minimum control force is applied to the pipeline. When the pipeline is far from the

equilibrium position, and when the displacement of the pipeline exceeds a certain displacement limit,

the MR damper is controlled to output a large control force. The two-state vibration control with dead
zone is shown in Equation (20).

{Pz xx > 0and |x| > [x]

u= (20)

F; xx<O0or|x < [x]

where [x] is the minimum displacement limit.

The Simulink simulation model of the two-state pipeline vibration control system with dead zone
based on MR damper is shown in Figure 7a. When the sinusoidal excitation amplitude is 2 mm and
the frequency is 5 Hz, the vibration displacement response and control force simulation results of the
pipeline under the two-state vibration control are shown in Figure 7b,c.

4
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Figure 7. Simulation of two-state pipeline vibration control system with dead zone: (a)
Two-state simulation model; (b) Vibration displacement response; (c) Control force and disturbance
dynamics curve.

As shown in Figure 7, the two-state vibration control has better control effect on pipeline vibration,
and the amplitude of the first peak of the transient response of the controlled pipeline system is
higher than that of the uncontrolled one. When the vibration amplitude of the pipeline is equal to
the minimum limit of the two-state vibration control, the system has a brief chattering. The transient
process time of the controlled pipeline system is basically the same as that of the uncontrolled system.
In comparisons with the uncontrolled system, the attenuation amplitude of the pipeline vibration
adopting the steady-state two-state vibration control system is approximately 64.65%.

3.3.2. PID Vibration Control Simulation

The PID control has the advantages of simple control principle, low precision requirement for
the controlled object model and overcoming the non-linearity of the controlled object. The basic
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principle of PID control is that the controller generates the control force u(t) to control the controlled
object according to the control error e(t), so that the output y(t) of the controlled object meets the
requirements. When using the PID control, the control force u(t) can be expressed as:

u(t) = kye(t) + k; f (1)dt + kg diz( ) 1)

where ky, k; and k; are the proportional gain, the integral gain and the differential gain.

Since the MR damper can only output the control force opposite to the structural motion direction,
when the vibration control reference control force is opposite to the structural motion direction, the PID
control algorithm is used to control the output control force of the MR damper. When the reference
control force is the same as the structural motion direction, the MR damper is controlled to output a
minimum control force. The PID drive control law of the MR damper is as follows:

U — Upid Mr.’):C <0 (22)
Froin ux 20

where U is the damping force of MR damper, u, is the reference control force, u;4 is the control force
generated by PID control algorithm, x is the relative velocity of piston and cylinder.

The Simulink simulation model of the PID pipeline vibration control system based on MR damper
is shown in Figure 8a. When the sinusoidal excitation amplitude is 2 mm and the frequency is 5 Hz,
the vibration displacement response and control force simulation results of the pipeline under the PID
vibration control are shown in Figure 8b,c, respectively.
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Figure 8. Simulation of PID pipeline vibration control system: (a) PID simulation model; (b) Vibration
displacement response; (c) Control force and disturbance dynamics curve.
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As shown in Figure 8, the PID vibration control strategy can effectively control the pipeline
vibration. In the transient phase of vibration response of pipeline system, the vibration of pipeline
can be well controlled and no amplitude overshoot occur. The attenuation amplitude of the pipeline
vibration adopting the PID vibration control in the steady state phase is 66.73%.

3.3.3. SMVS Vibration Control Simulation

SMYVS control method makes the system state slide along the sliding surface by switching control
variables, so that the system is invariant when disturbed by parameter perturbation or disturbance. The
sliding mode can be designed independently of object parameters and disturbances, which makes the
variable structure control having the advantages of fast response, insensitivity to parameter changes
and disturbances, no need for online identification of the system, and simple physical implementation.
It is suitable for linear and nonlinear systems, continuous and discrete systems, deterministic and
uncertain systems, centralized parameters and distributed parameter systems, centralized control and
distributed control systems.

Under the disturbance action, the output of the pipeline system is as shown in Equation (6). Since
the pipeline system is an inertial system, D = 0. The controlled pipeline system can be described by
the following state equation:

{ Z(t) = AZ(t) + BU(t) 23)
Z(t) = Zo

The output goal of the pipeline vibration control system based on MR damper is to solve the
control force U to keep the pipeline in equilibrium position under the external disturbance excitation.

lim|1Z() - 0]l = 0 (24)
The pipeline vibration error function can be expressed as:
e(t) = Z(t) (25)

According to Equation (23), error and the rate of change of error can be expressed as:

e A+A (26)

¢=7Z=AZ+BU (27)
The switching function of pipeline system is defined as:

S =ke= %(Z+Bu) (28)

S = ké = k(AZ + BU) (29)

Using the exponential reaching law, the switching function of the system can be expressed as:
S=—esgn(S) =065 €>0,6>0 (30)

By substituting Equation (28) and the Equation (29) into Equation (30), the following equation can
be obtained: '
eA V4

U= oas-5 ")+ a5-5

(31)

The Simulink model of the SMVS pipeline vibration control system based on MR damper is
shown in Figure 9a. When the sinusoidal excitation amplitude is 2 mm and the frequency is 5 Hz, the



Appl. Sci. 2020, 10, 2541 110f22

vibration displacement response and control force simulation results of the pipeline under the SMVS
vibration control are shown in Figure 9b,c. The SMVS vibration control strategy can effectively control
the pipeline vibration. The attenuation amplitude of the pipeline vibration of the SMVS vibration
control in the steady state phase is 79.72%.
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Figure 9. Simulation of sliding-mode-variable-structure (SMVS) pipeline vibration control system:
(a) Sliding-mode-variable-structure (SMVS) simulation model; (b) Vibration displacement response;
(c) Control force and disturbance dynamics curve.

From the simulation results above, it can be seen that the SMVS vibration control algorithm has
the highest attenuation rate of the pipeline vibration amplitude in the steady state phase, which is
79.72%. However, because the SMVS control is progressively stable, the vibration amplitude of the
PID vibration control system in the transient state is smaller than that of the SMVS vibration control
system. The control effect of two-state vibration control system on the pipeline vibration is general.

4. Experimental Study on Semi-Active Vibration Control

4.1. Pipeline Vibration Experiment Scheme

The experimental system is mainly composed of pipeline, MR damper and its embedded drive
control system, vibration signal detection system, vibration excitation device, power system and
computer. The schematic diagram of the fluid dynamic pipeline vibration measurement and control
system based on MR damper is shown in Figure 10.

Here the servo electric cylinder is used to apply the excitation of different frequencies and
amplitudes to the tested pipeline. The embedded vibration control system based on Digital Signal
Processor (DSP) collects pipeline displacement signals and damper force signals from sensors. Then
the optimal control force of pipeline vibration control is calculated according to the pipeline vibration
control algorithm. Finally, the damping force of MR damper is controlled to reduce the vibration of
pipeline. The pipeline vibration test system includes the acceleration sensor, INV3018A data acquisition
instrument, vibration data acquisition and analysis software DASP to collect and analyze the pipeline
vibration acceleration information. The laser displacement sensor, the tension pressure sensor, the
NI6210 data collector and the Labview-based data acquisition software are selected to collect and
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record the pipeline vibration displacement and the MR damper control force. The pipeline vibration
test platform is shown in Figure 11.
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I
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E| -_—————-——_——_—_—————— — — — -
é I Force |

<t—] AD | Filter |1 :

| + ; Displacement MR

T Controller | damper

! >| DSP controller |—>| Current driver

Figure 11. Pipeline vibration measurement and control system.

The vibration level difference or the vibration attenuation rate is usually used as an indicator for
evaluating the vibration control effect [20]. The vibration level difference of pipeline is 10 times of the
logarithm of the square of the effective value of vibration response when the pipeline is uncontrolled
and the square of the effective value of vibration response when the pipeline is controlled. Vibration
response may be displacement, velocity or acceleration. Since the vibration speed of the pipeline
cannot be directly measured, the displacement level difference and the acceleration level difference of
the pipeline vibration can be expressed as:

rms

X
Ly = 20lg 5 (32)
c
aLmS
Lo = 201§ 7o (33)

c

where x] and x/" are the effective values of the vibration displacement when the pipeline is

uncontrolled and controlled, respectively. Following this, 2" and a/™* are the effective values of the
vibration acceleration when the pipeline is uncontrolled and controlled, respectively.

The vibration attenuation rate is the ratio of the difference between the effective values of the
vibration response before and after the pipeline is controlled and the effective value of the vibration
response when the pipeline is not controlled. The displacement attenuation rate and the acceleration

attenuation rate can be expressed as:

xS _ s

Jx = F———%x100% (34)

Trms
xu
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alms — afc'ms

.= uaT X 100% (35)
u

The vibration energy dissipation rate of the pipeline vibration control system can be expressed as:

TS A FMS TS A FHS
Ay "Xy —ag X o
Jo = o C T % 100% (36)
ay Xy

4.2. Pipeline Vibration Response Without Control

The uncontrolled vibration response of the pipeline will be used as a reference for measuring
the effect of pipeline vibration control. For a signal acquisition system, the higher the sampling
frequency of the signal, the closer the information collected by the acquisition system is to the real
signal. However, too high sampling frequency will generate a large amount of data and introduce
high frequency noise, which is not conducive to the reconstruction and analysis of pipeline vibration
signals. Therefore, the sampling rate of the signal acquisition system is 1 kHz and 5 kHz respectively.
The displacement response and acceleration response of pipeline under sinusoidal excitation with
amplitude of 2 mm and frequency of 1 Hz, 5 Hz and 10 Hz are shown in Figure 12.

2 038
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Figure 12. Pipeline vibration response under sinusoidal excitation frequency of 1, 5, 10 Hz
without control: (a) Displacement-time curve (1 Hz); (b) Acceleration-time curve (1 Hz);
(c) Displacement-time curve (5 Hz); (d) Acceleration-time curve (5 Hz); (e) Displacement-time curve
(10 Hz); (f) Acceleration-time curve (10 Hz).
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As shown in Figure 12, the vibration displacement curve of the pipeline conforms to sinusoidal,
and the amplitude of the vibration displacement of the pipeline increases with the increase of the
vibration frequency. However, the acceleration signal is more severe when the vibration frequency
is lower. The main reason is that the piezoelectric acceleration sensor has low signal-to-noise when
the vibration frequency is low. The statistical results of the vibration response of the pipeline at
different excitation frequencies are shown in Table 1. Table 1 shows that the peak values of vibration
displacement and acceleration of pipeline under sinusoidal excitation are 2.3505 mm and 10.6674 m/s.
When the frequency of pipeline vibration is 7 Hz, the peak value and root mean square (RMS) of
pipeline vibration displacement are the highest.

Table 1. Vibration response of the pipeline without control.

F Displacement Acceleration
requency (Hz)
Peak Value (mm) RMS (mm) Peak Value (m/s?) RMS (m/s?)

1 1.6240 1.3077 0.6511 0.1729
2 1.8037 1.4668 1.5992 0.5786
3 1.9009 1.5444 2.5029 1.1008
4 1.9739 1.5913 3.8743 1.7155
5 2.0993 1.6675 4.7160 2.5321
6 2.2429 1.6887 6.4104 3.3078
7 2.3505 1.7609 9.4170 4.2914
8 2.1782 1.6277 8.6629 4.7947
9 2.2335 1.5323 10.6674 5.5253
10 2.2967 1.5292 9.7745 5.8046

4.3. Two-State Vibration Control Experiment

Two-state control is the simplest control method, and it is also the most widely used semi-active
control strategy for MR damper. The two-state control process is shown in Figure 13. The strategy of
two-state control is to set the amplitude reference on both sides of the structural vibration equilibrium
position. When the structural vibration amplitude is less than the set value, the control current is
not applied to the MR damper, and the MR damper only passively outputs the foundation viscous
damping force to attenuate the pipeline vibration. When the structural vibration amplitude is greater
than the set reference value, a control current is applied to the MR damper, and the MR damper is
controlled to output a damping force, which can control the structural vibration amplitude within a
certain range. When the sinusoidal excitation frequencies are 1 Hz, 5 Hz, and 10 Hz, the vibration
response test results of the pipeline under the two-state vibration control are shown in Figure 14.

Pipeline displacement
measurement

Minimum
damping force

Greater than
displacement limit

Maximum
damping force

Figure 13. Two-state control diagram.
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Figure 14. Pipeline vibration response under two-state control and excitation frequency of 1, 5, 10 Hz:
(a) Displacement-time curve (1 Hz); (b) Acceleration-time curve (1 Hz); (c) Displacement-time curve
(5 Hz); (d) Acceleration-time curve (5 Hz); (e) Displacement-time curve (10 Hz); (f) Acceleration-time
curve (10 Hz).

When the vibration control of the pipeline is controlled by the two-state vibration control, the
statistical results of the vibration response of the pipeline under different excitation frequencies are
shown in Table 2.

As shown in Table 2, when the vibration of the pipeline is controlled by the two-state control,
the displacement and acceleration of the pipeline are significantly reduced. As shown in Table 2, the
displacement drop of the pipeline vibration at different excitation frequencies ranges from 14.5904
to 21.9312 dB, the acceleration drop range is from 4.4697 to 14.5449 dB, the displacement attenuation
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range is from 81.36% to 91.99%, and the acceleration attenuation range is from 40.23% to 81.26%, and
the vibration isolation rate ranges from 88.86% to 98.28%.

Table 2. Vibration response of pipeline under two-state pipeline vibration control.

Frequency Displacement (mm) Acceleration (m/s?)

(Hz) RMS (mm) Difference (dB)  Attenuation RMS (m/s?)  Difference (dB) Attenuation
1 0.1047 21.9312 91.99% 0.0895 5.7194 48.24%
2 0.1657 18.9410 88.70% 0.1928 9.5454 66.68%
3 0.2879 14.5904 81.36% 0.6580 4.4697 40.23%
4 0.2229 17.0728 85.99% 0.5958 9.1858 65.27%
5 0.1705 19.8068 89.78% 0.6861 11.3419 72.90%
6 0.2003 18.5174 88.14% 0.7711 12.6486 76.69%
7 0.2805 15.9560 84.07% 1.3702 9.9163 68.07%
8 0.1491 20.7619 90.84% 0.8985 14.5449 81.26%
9 0.2730 14.9836 82.18% 1.9606 8.9993 64.52%
10 0.1973 17.7867 87.10% 1.4246 12.2016 75.46%

4.4. PID Vibration Control Experiment

When the sinusoidal excitation frequencies are 1 Hz, 5 Hz, and 10 Hz, the vibration response test
results of the pipeline under the PID vibration control are shown in Figure 15. When the vibration
control of the pipeline is controlled by the PID vibration control, the statistical results of the vibration
response of the pipeline under different excitation frequencies are shown in Table 3.
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Figure 15. Pipeline vibration response under PID control and excitation frequency of 1, 5, 10 Hz:

(a) Displacement-time curve (1 Hz); (b) Acceleration-time curve (1 Hz); (c) Displacement-time curve
(5 Hz); (d) Acceleration-time curve (5 Hz); (e) Displacement-time curve (10 Hz); (f) Acceleration-time

curve (10 Hz).

Table 3. Vibration response of pipeline under PID pipeline vibration control.

Frequency Displacement Acceleration
(Hz) RMS (mm) Difference (dB)  Attenuation RMS (m/sz) Difference (dB) Attenuation
1 0.2196 15.4975 83.21% 0.0992 4.8257 42.63%
2 0.3308 12.9361 77.45% 0.3401 4.6154 41.22%
3 0.1205 22.1555 92.20% 0.2952 11.4318 73.18%
4 0.1372 21.2880 91.38% 0.3913 12.8376 77.19%
5 0.3485 13.5973 79.10% 1.0443 7.6931 58.76%
6 0.2034 18.3840 87.96% 0.9785 10.5796 70.42%
7 0.1994 18.9202 88.68% 1.1215 11.6560 73.87%
8 0.1678 19.7356 89.69% 0.9826 13.7677 79.51%
9 0.1392 20.8341 90.92% 1.1065 13.9681 79.97%
10 0.1172 22.3107 92.34% 0.8842 16.3444 84.77%

As shown in Table 3, when the vibration of the pipeline is controlled by the PID control, the
displacement and acceleration of the pipeline are significantly reduced. As shown in Table 3, the
displacement drop of the pipeline vibration at different excitation frequencies ranges from 12.9361
to 22.3107 dB, the acceleration drop range is from 4.6154 to 16.3444 dB, the displacement attenuation
range is from 77.45% to 92.34%, and the acceleration attenuation range is from 41.22% to 84.77%, and
the vibration isolation rate ranges from 86.74% to 98.83%.

4.5. SMVS Vibration Control Experiment

When the sinusoidal excitation frequencies are 1 Hz, 5 Hz, and 10 Hz, the vibration response test
results of the pipeline under the SMVS vibration control are shown in Figure 16. When the vibration
control of the pipeline is controlled by the SMVS vibration control, the statistical results of the vibration
response of the pipeline under different excitation frequencies are shown in Table 4.
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Figure 16. Pipeline vibration response under SMVS control and excitation frequency of 1, 5, 10 Hz:
(a) Displacement-time curve (1 Hz); (b) Acceleration-time curve (1 Hz); (c) Displacement-time curve
(5 Hz); (d) Acceleration-time curve (5 Hz); (e) Displacement-time curve (10 Hz); (f) Acceleration-time

curve (10 Hz).

As shown in Table 4, when the vibration of the pipeline is controlled by the SMVS control,
the displacement and acceleration of the pipeline are significantly reduced. As shown in Table 4,
the displacement drop of the pipeline vibration at different excitation frequencies ranges from
10.2215-17.9017 dB, the acceleration drop range is 1.2689-14.4325 dB, the displacement attenuation
range is 69.17-87.27%, and the acceleration attenuation range is 13.59-81.02%, and the vibration
isolation rate ranges from 84.80-96.87%.
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Table 4. Vibration response of pipeline under SMVS control.

19 of 22

Frequency Displacement Acceleration
(Hz) RMS (mm) Difference (dB)  Attenuation RMS (m/s?)  Difference (dB) Attenuation
1 0.2301 15.0918 82.40% 0.1494 1.2689 13.59%
2 0.2566 15.1423 82.51% 0.3082 5.4709 46.73%
3 0.3149 13.8117 79.61% 0.6772 4.2198 38.48%
4 0.2318 16.7328 85.43% 0.7179 7.5665 58.15%
5 0.2719 15.7531 83.69% 0.9828 8.2203 61.19%
6 0.2561 16.3829 84.83% 1.1387 9.2626 65.58%
7 0.2771 16.0620 84.26% 1.3910 9.7854 67.59%
8 0.2688 15.6429 83.49% 0.9102 14.4325 81.02%
9 0.1951 17.9017 87.27% 2.2343 7.8643 59.56%
10 0.4714 10.2215 69.17% 2.6675 6.7534 54.05%

5. Results and Discussions

The RMS of displacement and acceleration of the controlled and without controlled pipeline are
shown in Figure 17. It can be seen that, all three control methods can effectively control pipeline
vibration. When the vibration frequency is 1 Hz, 2 Hz, 5 Hz and 8 Hz, the control effect of PID on
displacement and acceleration is better than the other two control methods. When the vibration
frequency is 3 Hz, 4 Hz, 9 Hz and 10 Hz, the control effect of SMVS on displacement and acceleration
is better than the other two control methods.
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Figure 17. RMS of displacement and acceleration: (a) Displacement; (b) Acceleration.

The vibration characteristics such as level drop and vibration attenuation rates of the different
pipeline vibration control modes are shown in Figure 18. It can be seen that, the three pipeline vibration
control methods have better control effects on displacement than acceleration. To comprehensively
evaluate the control effect of each control mode on pipeline vibration, the average values of the
vibration level difference of the three control modes are shown in Table 5.
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Figure 18. Vibration characteristics of the different pipeline vibration control modes: (a) Vibration
level difference of displacement; (b) Vibration level difference of acceleration; (c) Attenuation rate of
displacement; (d) Attenuation rate of acceleration.

Table 5. Vibration level difference of the three control methods.

Method L, (dB) L, (dB) T, T, 1.
Two-state 15.27 dB 8.34 dB 82.27% 54.59% 91.77%
PID 18.04 dB 9.86 dB 87.01% 65.93% 95.28%
SMVS 18.57 dB 10.77 dB 87.29% 68.15% 95.43%

The statistical results (shown in Table 5) exhibit that all three semi-active vibration control methods
can effectively reduce pipeline vibration, and the simulation results are in basic agreement with the
experimental results. SMVS vibration control mode has the best suppression effect on the amplitude

and acceleration of pipeline vibration, while PID control is only inferior to SMVS control in the effect of
pipeline vibration control.

6. Conclusions

In this paper, the key technology of semi-active control of pipeline vibration based on MR damper
was studied. The prototype of MR damper was developed, the dynamic loading test of the prototype
was carried out and the dynamic model of MR damper was established. The mechanism of pipeline
vibration and the pipeline vibration control algorithm based on MR damper were discussed. The
semi-active vibration measurement and control platform based on MR damper was built. The vibration

control performances of different pipeline vibration control algorithms were studied experimentally.
The conclusions are as follows:
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(1)  The transient response of the pipeline system with two-state control has a higher amplitude than
the uncontrolled piping system. When the vibration amplitude of the pipeline is equal to the
minimum limit of the two-state vibration control, the system exhibits a brief chattering, and
the transient process time of the controlled pipeline system is basically the same as that of the
uncontrolled system.

(2) PID vibration control can effectively control the pipeline vibration during transient phase without
system instability and amplitude overshoot. However, when PID vibration control is adopted,
the MR damper damping force output has strong pulse characteristics, which will cause a large
impact on the MR damper drive control system.

(3) In the transient stage, the vibration amplitude of SMVS vibration control system is larger than
that of PID vibration control system. In the steady-state stage, SMVS vibration control effect is
better than that of PID control, and the continuity of SMVS vibration control force is better than
that of PID control and two-state control.

(4) The experimental results show that the SMVS vibration control method has the best control
effect on the pipeline amplitude and acceleration. The average drop of pipeline displacement
is 18.60 dB, the average deviation of acceleration is 13.10 dB, the average attenuation rate of
displacement is 87.89%, the average attenuation rate of acceleration is 71.68%, and the average
vibration isolation rate is 96.58%.
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