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With the continuous development of hydropower stations, the capacities and the heads of hydro generator units are increasing,
and the plant vibration problem is becoming more and more serious. A numerical simulation method for the vibration reduction
control of magnetorheological (MR) dampers suitable for large-scale complex structures was proposed.1e method is simple and
easy to implement, and the semiactive control of the MR damper could be achieved by adjusting the current switch and size. On
the basis of a numerical simulation, a mathematical model for the optimal layout of an MR damper device was established. 1e
objective function was the vertical velocity and the vertical acceleration response of the generator floor.1e results showed that the
proposed semiactive control numerical simulation method could be applied to the vibration control of the hydropower plant
structure, and the vertical velocity and vertical acceleration were reduced by 10.96% and 12.90%, respectively, compared with
those without structural vibration control. At the same time, the proposed optimized layout method was effective and feasible, and
the damping effect of the MR damper could be effectively improved through the optimized layout.

1. Introduction

1e vibration of hydropower generating units is a major
issue related to the safe and stable operation of hydropower
generating units.1e vibration will not only consume part of
the power, reduce the efficiency of the unit, and shorten the
maintenance cycle and service life but also cause the entire
plant structure and the water pipes to be forced to stop [1–3].

As a new type of intelligent vibration damping device,
magnetorheological (MR) damper has the advantages of
simple structure, a wide range of damping force, fast re-
sponse (millisecond level), low energy consumption, and
large output damping [4]. In recent years, scholars around
the world have carried out a lot of research on the vibration
damping control of MR dampers. Mohajer Rahbari et al. [5]
used MR dampers to study the semiactive control of three-
and eleven-layer shear wall structures, and they evaluated
the performance of the conversion controllers. Zahrai and
Salehi [6] selected nine- and twenty-story buildings and used

MR dampers to conduct semiactive control studies on the
buildings. 1e results showed that the maximum accelera-
tion of the structure was reduced by more than 21%, so the
use of semiactive control could greatly reduce the structural
response. Ok et al. [7] used MR dampers to conduct sem-
iactive control studies on cable-stayed bridges. 1e simu-
lation results showed that the use of MR dampers
significantly reduced the structural response of cable-stayed
bridges. Bhaiya et al. [8] used a limited number of MR
dampers to optimally control a ten-story building frame
structure, and they studied the influence of the position of
the MR dampers on the response. 1e semiactive control of
the damper could effectively reduce the response of the
frame structure. Abdeddaim et al. [9] used MR dampers to
link two adjacent buildings on the top layers of two adjacent
buildings, and this coupling strategy effectively reduced the
vibration response of the structure. At present, MR dampers
have achieved good vibration reduction effects in bridges,
buildings, offshore platforms, and other constructions.
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However, they have not been used in the vibration reduction
of the hydropower plant.

1e process of reducing the dynamic response of the
structure is called structural vibration control by applying a
control system to the structure to make the structure resist
the action of dynamic load [10]. In 1972, Yao [11] gave the
notion of structural control, and since then, this field has
emerged by leaps and bounds. To date, it is commendable
to have adopted some control strategies. 1e displacement
response of the bridge in earthquakes can be effectively
reduced by employing the shape memory alloy (SMA) in
the sliding-lead rubber bearing (LRB) system [12, 13].
During an earthquake, the temperature adjustment of the
SMA in the pendulum friction bearing (FPB) system ef-
fectively alters its hysteresis energy dissipation capacity,
thereby changing the control efficiency of the isolation
system [14]. 1e new basic vibration isolator using sliding
implant-magnetic bearing and sliding hydromagnetic
isolators achieves better performance in earthquake/vi-
bration isolation and mitigation [15, 16]. 1e use of a
hybrid controller can improve the comfort of the vehicle
and the stability of the movement [17–19]. 1e application
of damper control strategies to reduce the displacement
response of buildings in earthquakes has been proven
[20, 21]. 1ese strategies offer the prospect of developing
applications, improving efficacy, and providing better ac-
ceptability. Among them, the semiactive control strategy
combines the excellent control effect of active control and
the advantages of simple and easy passive control, while
overcoming the shortcomings of active control requires a
large amount of energy supply and narrow tuning range of
passive control. 1erefore, semiactive control has a greater
prospect for research and application development [22],
and it has attracted more and more attention from scholars.
Bathaei et al. [23] used two different fuzzy controllers to
study the seismic vibration of an adaptive MR damper. 1is
method could further reduce the maximum displacement,
acceleration, and foundation shear force of a structure. Lee
et al. [24] proposed a semiactive damping control strategy
based on a neural network controller and an MR damper.
Compared with passive control, the numerical simulation
results showed that the proposed controller could signif-
icantly reduce floor acceleration, base shear, and angular
displacement. Hazaveh et al. [25] used discrete wavelet
transform (DWT), a linear quadratic regulator (LQR), and
a limiting optimal control algorithm to determine the
optimal control force. 1e semiactive control performance
was evaluated by comparing the maximum displacement,
the total shear force of the substrate, and the control en-
ergy. 1e damping effect of the MR damper depended on
the size of the input current, the control method, and the
arrangement of the MR damper. Kim and Lee [26] pro-
posed a sensitivity evaluation algorithm to make the neuro-
control system compact and reduce the total training time
without an emulator. At present, the theoretical researches
on the damping control of MR damper require a certain
simplification of the structure in the calculation. 1e
analysis of structural control by instantaneous dynamics
was used in ABAQUS simulation analysis, and the

characteristics of material nonlinearity and geometric large
deformation could also be considered.

Installing energy damping devices at optimal locations
helps designers achieve the desired reduction of vibrations
with minimum costs. At present, the commonly used
methods for this problem are the “trial and error method”
and the “exhaustive method.”1e former method generally
obtains a local optimal solution, while the latter method is
only suitable for systems with small spaces [27]. A more
precise inspection of all feasible arrangements to find out
which one would produce the expected structural reduc-
tion dynamic response turned out to be very time-con-
suming. Dealing with this problem, researchers have
suggested different approaches. Singh and Moreschi [28]
used a genetic algorithm to find the optimal position of an
MR damper. Amini and Ghaderi [29] proposed an im-
proved ant colony optimization algorithm to optimize the
installation position of an MR damper. Agranovich and
Ribakov [30] proposed a heuristic solution for the efficient
placement of active dampers in seismically excited struc-
tures. Main and Krenk [31] presented the studies con-
cerning the allocation and sizing of viscous dampers.
Lewandowski [32] investigated the optimal distribution of
viscous dampers by an objective function in the form of a
sum of weighted, nondimensional modal damping ratios.
Singh andMoreschi [33] obtained the optimal arrangement
of dampers based on the gradient method. A genetic al-
gorithm is a randomized search method derived from the
evolution of biological evolution law, and it can auto-
matically and gradually seek the optimal solution or ap-
proximate the optimal solution of the problem space [34].

In this paper, we realize the passive control and semi-
active control of the magnetorheological damper by using
two subroutines, URDFIL and DLOAD, based on the
Bouc–Wen model. 1en, a mathematical model for the
optimization design of the plant layout of the MR damper
was established, and the optimization objective function was
selected to minimize the vertical velocity and acceleration
response of the generator floor. Using a multiobjective
genetic algorithm, the encoding methods, population ini-
tialization, crossover, and mutation adaption to the spatially
optimized layout of the MR dampers were proposed to
optimize the layout of the MR dampers. Finally, the different
vibration damping control methods were used to evaluate
the damping effect of the MR damper after the optimized
arrangement.

2. Magnetorheological Damper

MR damper is currently the fastest research and develop-
ment field for MR fluids. It is a new type of intelligent
damping device that uses MR effects. MR damper is a
damper made of MR fluid, and its structure is shown in
Figure 1. It is composed of electrical control lines, piston rod,
piston, orifice, and buffer accumulators. MR damper has a
simple device, low energy consumption, fast response, large
damping, and wide dynamic range. 1e damping force can
be controlled by adjusting the current or voltage, so it can be
well integrated with the control system. Even when the
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control system fails, it can also be used as a passive controller
with strong reliability.

3. Bouc–Wen Model

Wen [35] proposed a simple mathematical hysteresis model,
called the Bouc–Wen model in 1976.1e model consisted of
a hysteretic system, a spring and a damper in parallel, as
shown in Figure 2. 1e Bouc–Wen model was universal and
easy to be digital modeling. It could accurately reflect the
nonlinear performance of theMR damper at a low speed and
simulate the hysteretic characteristics of the MR damper.

1e damping force of the model can be expressed as
follows:

F � c0 _x + k0 x − x0(  + αz, (1)

_z � − c| _x|z|z|
n− 1

− β _x|z|
n

+ A _x, (2)

where F is the damping force of an MR shock absorber; α
represents the model parameters related to the MR yield
stress; k0 is the spring stiffness; c0 is the viscosity coefficient
of the MR material after yielding; x and _x are the relative
displacement and the relative velocity of the MR damper
piston and cylinder, respectively; z is the hysteresis dis-
placement; x0 is the initial deformation of the spring; and
A, β, c, and n are constants that were determined by the
structural characteristics of the MR damper.

1e solution flow chart of the Bouc–Wen model is
shown in Figure 3. 1is model contains eight unknown
parameters. As shown in Figure 3, x is a sinusoidal dis-
placement excitation signal x � A sin(2πft), where A is the
amplitude, f is the frequency, and Partialz is a Simulink
subsystem that was used to evaluate the hysteresis _z in the
model.

4. Numerical Simulation Method

1e damping control of the MR damper involved changing
the dynamic characteristics of the structure by applying a
control force to the structure through the MR damper,
thereby achieving a damping effect. For the MR damper
control system, its motion differential equation could gen-
erally be expressed as follows:

[M] €x (t) +[C] _x(t) +[K]x(t) � − [M]Γ€xg +[Λ]F, (3)

where M is the structural mass matrix; C is the structural
damping matrix; K is the structural stiffness matrix; €xg

represents the external incentives; F is the control force

provided by the MR damper; €x(t), _x(t), and x(t) are the
acceleration, velocity, and displacement vectors of the
structure, respectively; Γ represents the external in-
centives; and Λ is the MR damping force indicator
matrix.

1e state vector was introduced as follows:

Z(t) �
x(t)

_x(t)
 . (4)

1en the equation of motion could be transformed into
an equation of state as follows:
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Electrical control
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Figure 1: Schematic diagram of the magneto-rheological damper.
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Figure 2: Schematic diagram of the Bouc–Wen model.
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Figure 3: 1e solving chart of the Simulink simulation for the
Bouc–Wen model.
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_Z(t) � [A]Z(t) +[B]u +[E] €xg , (5)

Y(t) � [C]Z(t) +[D]F, (6)

where A and C are the characteristic matrices describing
structural systems, B and D are the performance parameter
matrices of the MR damper, and E is the external stimulus
position matrix. In the simulation analysis of the MR
damper vibration reduction, the optimal control force F was
determined by solving the state equation.

4.1. Realization of the Passive Control Method for the MR
Damper. In this investigation, the Bouc–Wen MR damper
mechanical model was selected for vibration reduction re-
search.1emodel used the reciprocating displacement x and
the velocity _x of the structural vibration to change the
control force of the MR damper. An RD-8041-1 MR damper
[36] produced by the United States LORD company was
selected to study the vibration damping control of the
structure. 1is type of MR damper controls a damper by
controlling the input current. 1erefore, the passive control
of this MR damper included two modes: passive-off (the
current was zero) and passive-on (the current was not zero).
1rough the secondary development of Abaqus, the passive
control of theMR damper was achieved.1e overall idea was
that for the constant current state, the control force of the
MR damper calculated by the Bouc–Wen model was
equivalent to an equivalent uniform load that was applied to
the corresponding damping control area to achieve the MR
damping passive control of the device. 1e flow of the
passive control algorithm of the MR damper is shown in
Figure 4, which specifically includes the following steps:

(1) 1e displacement x and the velocity _x of each in-
cremental step of the control point were obtained
with the URDFIL subroutine, and the data was
stored in the global variable COMMON block. 1e
displacement keyword in the .fil file was 101, and the
speed was 102.

(2) In the constant current state, according to the dis-
placement x and the velocity _x, the Bouc–Wen MR
damper mechanical model was used to calculate the
control force F of each incremental step, and the data
was stored in the global variable COMMON block.

(3) 1e control force F was transferred to the subroutine
DLOAD through the global variable COMMON
block, thereby applying the control force F to the
corresponding control area.

(4) 1e above process was repeated for each incremental
step until the end of the program.

4.1.1. URDFIL Subroutine. 1e URDFIL subroutine is used
to read the data in the result file (.fil) at the end of the
increment. In this research, the URDFIL subroutine is used
to read the displacement and speed of each incremental step
of the control point.

1e flow chart of the URDFIL subroutine is provided in
Figure 5.

In Figure 5, N represents the number of monitoring
points; M represents the number of finite element model
nodes; and Key is also the keyword defined in the sub-
routine. 1e diagram above shows the flow chart of the
URDFIL subroutine.

(1) All parameters are entered into the subroutine
(2) Determine whether N and M are equal
(3) If N is equal to M, get the value of the keyword and

read the corresponding data of the keyword
(4) Output the read data

4.1.2. DLOAD Subroutine. 1eDLOAD subroutine could be
called at each integration point to customize the non-
uniformly distributed pressure load that changes with po-
sition, time, element, and node number. In this research, the
DLOAD subroutine is used to apply damping force to the
control area of the MR damper in each incremental step

1e flow chart of the DLOAD subroutine is provided in
Figure 6.

In Figure 6, I represents the input current; X and V
represent the displacement and velocity obtained
through the URDFIL subroutine respectively; SNAME
represents the name of the loading surface; FNAME
represents the name of the surface in the finite element
model; and 11 is the parameter of the

Define initial conditions

�e analysis step begins

Incremental step start

Obtain x and x by the UFDFIL subroutine 

Put on F by the DLOAD subroutine

Input I, calculate F based on x and x

Whether the
analysis is over 

Start analysis

End analysis

Yes

No

·

·

Figure 4: 1e flow chart of the passive control algorithm for the
MR damper.
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magnetorheological damper. 1e diagram above shows
the DLOAD subroutine flow chart.

(1) All parameters are entered into the subroutine
(2) Calculate damping force F
(3) If x∗ v is less than zero and I is equal to zero, output

Fmin; if x∗ v is greater than zero and I is greater than
zero, output Fmax

(4) Determine whether SNAME and FNAME are equal

(5) If SNAME is equal to FNAME, apply surface force to
the corresponding SNAME; otherwise, rejudge

4.2. Realization of the Semiactive Control Method of the MR
Damper. 1e semiactive control belongs to the parametric
control and depended on the structural response and the
external excitation information [37]. 1e control process
was to reduce the response of the structure by changing the
stiffness or the damping parameters of the structure in real
time with a small amount of energy. 1e semiactive control
did not require a large amount of external energy input to
provide the control force. 1e actuators that exert control
forces require a small amount of energy in order to actively
take advantage of the reciprocating relative deformation or
the velocity of structural vibration. 1e semiactive control
strived to achieve the optimal control force, so a semiactive
control algorithm was needed to control the MR damper to
apply the optimal control force F. 1e specific semiactive
control algorithm flow of the MR damper is shown in
Figure 7. 1e specific steps included:

(1) 1e displacement x and the velocity _x of each in-
cremental step of the control point were obtained
through the URDFIL subroutine, and the data was
stored in the global variable COMMON block at the
same time.

(2) According to the displacement x and the velocity _x,
the semiactive control algorithm was used to cal-
culate the optimal control force F′ of theMR damper
based on the Bouc–Wen model, and the data was
stored in the global variable COMMON block.

(3) 1e optimal control force F′ was transferred to the
subroutine DLOAD through the global variable
COMMON block so that the control force was ap-
plied to the corresponding control area.

(4) 1e above process was repeated for each incremental
step until the end of the program.

1e current semiactive control algorithms mainly in-
cluded the simple bang-bang control algorithm [38, 39], the
optimal bang-bang control algorithm [40, 41], and the
limited Hrovat optimal control algorithm [42, 43]. To solve
the shortcoming of the simple bang-bang control algorithm,
in that the acceleration would change suddenly, we proposed
an improved simple bang-bang control algorithm to achieve
the semiactive control of the MR damper. Figure 7 shows the
response state of the structure when there was a sudden
change in acceleration. As shown in Figure 8(c), there was a
sudden change in acceleration in section AB. As shown in
Figures 8(a) and 8(b), when the speed at point A was zero,
the structure moved from one end of the direction to the
center equilibrium position. 1erefore, according to the
simple bang-bang algorithm, when the current of the MR
damper was zero at that time, the AB segment applied the
minimum damping coefficient. In the Bouc–Wenmodel, the
calculated damping force is smaller when the velocity at
point A was zero. When the speed increased to point B, the
damping force could reduce the structure acceleration. In

Input: N, M, Key

Begin

N=M?

Key=101 Key=102 Key=103

Read the
displacement : x 

Read the
velocity : v 

Read the accelerated
velocity : a 

Output the results

Finish

NO

YES

Figure 5: 1e flow chart of the URDFIL subroutine.

Input : I, x, v, SNAME, FNAME, C0, k0, n, x0, A, α, β, γ

Begin

x*v<0 and I=0 x*v>0 and I>0

Use Fmin Use Fmax

SNAME=
FNAME?

Put on surface force

Finish

Calculate : F
F = c0x + k0 (x - x0)+ αz

z = -γ|x|z|n-1 - βx|z|n + Ax····
·

Yes

No

Figure 6: 1e flow chart of the DLOAD subroutine.
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analysis is over 

Start analysis

End analysis

·

·
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Figure 7: 1e flow chart of the semiactive control algorithm for the MR damper.
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order to eliminate the sudden change of acceleration in the
AB segment, the damping force in this segment needed to be
increased. In other words, the input current value of the AB
segment MR damper needed to be increased.

5. Optimal Layout Method for MR Dampers

Research has shown that increasing the number of MR
dampers can improve the effect of vibration reduction
control [44]. However, too many MR dampers will increase
the cost, the weight of a system, and the difficulty of con-
struction. At the same time, the time required for data
collection, analysis, calculation, and control signal input and
output will become longer, and the probability of failure of
the control device, the maintenance cost, and the probability
of system failure will also increase. Under the premise of not
affecting the function of a plant [45], the vibration reduction
effect and the requirements for the use of plant space are
comprehensively considered to maximize the vibration re-
duction effect of a plant. When arranging MR dampers, the
arrangement and spatial distribution of MR dampers should
be selected reasonably to maximize the effect of vibration
reduction.

1e previous research results have shown that the ver-
tical velocity and acceleration of a generator floor are rel-
atively large [46]. Under no-load conditions, two-phase
short-circuit conditions, and half-pole short-circuit condi-
tions, the vertical speed and acceleration exceeded the vi-
bration control standard values. 1erefore, in this research,
the control of the vertical speed and the vertical acceleration
of the generator floor were mainly considered. With the
premise of a certain number of MR dampers, the objective
function was to minimize the vertical velocity and accel-
eration of the generator floor. 1e optimal arrangement of
MR dampers could be expressed as the following multi-
objective function optimization problem:

minf(x) �
minfA(x),

minfV(x),
 (7)

where fA(x) is the objective function of the vertical ac-
celeration response, fV(x) is the vertical velocity response
objective function, and x is the MR damper layout scheme.

In most engineering optimization problems, multiple
objectives need to be optimized at the same time, and the
optimization process needs to maximize or minimize
multiple objective functions at the same time. 1e multi-
objective optimization problem can be expressed as follows:

minf(x) � min f1(x), f2(x), · · · fn(x) ,

X � x1, x2, · · · xn 
T ∈ E

n
,

s.t. gi(x)≤ 0, i � 1, 2, · · · , m,

(8)

where fi(x) is the optimized subobjective function, X �

[x1, x2, · · · , xn]T is the decision vector, and gi(x) represents
the restrictions.

In the multiobjective optimization problem shown in
Figure 8, the two objective functions f1(x) and f2(x)

were contradictory. As shown in Figure 9, A1 <B1 and

A2 >B2, that is, if one objective function was improved,
another objective function reduction is required as the
cost; hence, solutions A and B of the multiobjective
optimization problem were called noninferior solutions
or Pareto optimal solutions. 1e Pareto optimal solution
was a set in which each Pareto optimal solution was only
a noninferior solution, and the multiobjective optimi-
zation problem searched for these Pareto optimal so-
lutions [47].

1e current method for solving multiobjective optimi-
zation problems is generally to convert multiobjective
problems into single-objective function optimization
problems. 1e methods of using genetic algorithms to solve
multiobjective optimization problems Pareto solutions
mainly include [48, 49] the weight coefficient method, the
vector evaluation method, the maximum and minimum
value method, the parallel selection method, and the shared
function method. In this research, the weight coefficient
method was used to solve the multiobjective function. For a
multiobjective optimization problem, each subobjective
functionfi(x) (i � 1, 2, · · · , n)was assigned a corresponding
weight wi (i � 1, 2, · · · , n). 1erefore, a multiobjective opti-
mization problem could be transformed into a single-ob-
jective optimization problem, and its mathematical
expression could be expressed as follows:

f(x) � 
n

i

ωi · fi(x). (9)

1en through the weight coefficient method, the mul-
tiobjective optimization problem of formula (7) was
transformed into the following single-objective optimization
problem:

f(x) � ωAfA(x) + ωVfV(x), (10)

where fA(x) is the objective function of the vertical ac-
celeration response, fV(x) is the vertical velocity response
objective function, ωA is the objective function weight co-
efficient of the vertical acceleration response, ωV is the
objective function weight coefficient of the vertical velocity
response, and x is the MR damper layout scheme.

A

B

A1

A2

B1

B2

o

Figure 9: 1e problem of multiobjective optimization.
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With the premise of considering the principle of sym-
metry as far as possible between the center of mass and the
center of rigidity, an optional position where the dampers
could be arranged was selected according to the structural
characteristics of the hydropower plant and the require-
ments of space use. After determining the optional instal-
lation position of the MR damper, a suitable coding method
was proposed to encode the damper, and the spatial position
information of the damper was converted into a code that
could be recognized by the genetic algorithm.

When optimizing the layout, the number of dampers
needed to be fixed, and the population needed to ensure the
same number of dampers during initialization, mutation,
and crossover. Finally, through the genetic algorithm, the
optimal layout of the MR damper could be obtained to meet
the space requirements of the hydropower plant.

5.1. Programming of the Optimal Arrangement of MR
Dampers. At present, there are two methods for the
secondary development of Abaqus, using Fortran for the
solution level and Python for the pre- and postprocessing
levels. Based on the multiobjective genetic algorithm, in
this research, Python scripts and Fortran were used to
perform the secondary development of Abaqus to achieve
the optimization program of the MR damper of the hy-
dropower plant structure. 1e flowchart is illustrated in
Figure 10. 1e pre- and postprocessing module adopted
Python scripting language for secondary development,
and the solving module adopted Fortran for the secondary
development of subroutines. 1e specific steps were as
follows:

(1) In the Abaqus preprocessing module, the optional
installation position of the MR damper was binary
coded, and the position matrix of the MR damper
was initialized.

(2) 1e position matrix was decoded, and the installa-
tion position of the MR damper was active with the
Python script, that is, the surface applied by the load
at that position was active.

(3) 1e vibration reduction was calculated with Abaqus.
(4) 1e objective function value was extracted from the

result file ODB through a Python script, and the
function fitness value was calculated. Subsequently,
the operator was operated through the selection,
crossover, and mutation of the genetic algorithm to
obtain a better offspring population. 1is progeny
population was a new MR damper position matrix.

(5) Steps 2, 3, and 4 were repeated until the end of the
calculation.

(6) 1e optimal position matrix of the MR damper was
decoded and output.

5.2. MR Damper Position Coding. When using genetic al-
gorithms to solve optimization problems in engineering, we
first used a reasonable coding method to properly represent
the solution space of the optimization problem. Before
optimizing the arrangement of the MR damper, we first
selected all of the positions N where the damper could be
installed according to the structural characteristics, and we
numbered the selected installation positions. 1e arrange-
ment information of the MR damper could be represented
by a tuple S(n, i), where n(n ∈ 1, 2, · · · , N) is the installation
position number of the MR damper and i indicates whether
the damper was installed here (1 means installation and 0
means no installation). 1erefore, the optional installation
positions of the MR dampers in the plant structure were
binary coded in sequence. 1e length of the chromosome
was equal to the total number N of possible positions in the
structure. Assuming that the number of optional arrange-
ments of MR dampers was 12 and the number of dampers
selected was 6, the chromosome could be expressed as
follows:

Determine the sets of damper
installation positions

Code

Initialize population

Decode and Activate the selected damper
installation position

�e vibration reduction calculation of the
plant structure through the ABAQUS

secondary development program

Extract calculation results from
ODB files

Calculate fitness

Selection, Crossover and Mutation

Maximum
iteration?

Decode to get the best
position

Update
population

Post-process

Pre-process

Solve

N

Figure 10: Flow chart of MR damper optimal layout program.
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Location

Chromosome

P1

1

P2

... ... ... ... ... ... ... ... ... ... ... ... ...

2 3 4 5 6 7 8 9 10 11 12

0 0 1 1 0 0 1 1 0 1 0 1

1 0 0 1 0 1 1 0 1 1 0 0

Chromosome P1� [001100110101] means that the MR
damper was arranged at positions 3, 4, 7, 8, 10, and 12.
Chromosome P2� [100101101100] indicates that the MR
damper was arranged at positions 1, 4, 6, 7, 9, and 10.
1rough the above coding method, the spatial information
of the MR damper arrangement could be transformed into a
code that could be recognized by the genetic algorithm.

5.3. Initialization of the Population. After determining the
encoding method of the MR damper, the arrangement
scheme of the MR damper was coded through population
initialization. In the genetic algorithm, the initialization of
the population involved generating the initial population of
the required individuals through a random method. 1e
initialized population was a two-dimensional array P, with
the rows representing each arrangement plan and the col-
umns representing the position of the damper for choosing
the arrangement.

P �

P
1
1 · · · p

n
1

⋮ ⋱ ⋮

P
1
a · · · p

n
a

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (11)

where a is the population size and n is the chromosome
length, which was equal to the number of optional positions.

1e number of dampers to be installed for the space
optimization problem of the MR dampers was fixed, so the
number of MR dampers in the initialization unit needed to
be restricted. According to the coding method, the value of a
chromosome was either 0 or 1. If the number of dampers was
set to m, the constraint condition could be expressed as
follows:


n

i

ti � m, (12)

where n is the chromosome length, and ti is the value on
the i − th chromosome. 1erefore, the constraint condi-
tions could ensure that each individual obtained by ini-
tialization contained m dampers, thus ensuring the
correctness of the chromosome. 1e size of the population
had a great influence on the performance of genetic al-
gorithms. 1e population size was too large to increase the
calculation time, which caused the competitive advantage
over other methods to be lost. 1e population size was too
small, which makes it difficult to satisfy the species di-
versity. It is possible that the population did not contain
the optimal gene at the beginning, and it was difficult to
find the potential optimal individual during the evolution

process. In that case, the competitiveness between indi-
viduals was not great, which caused the genetic algorithm
to greatly reduce the optimization ability. 1erefore,
selecting an appropriate population size was the key
starting point for the entire genetic algorithm. 1is step
had to ensure that the initial population cause essentially
contain all possible genes in order to find the optimal
individual as soon as possible. According to the experi-
ence of other researchers [49, 50], the population size was
usually set to 20–100.

5.4. Fitness Function. Fitness is an index used to measure the
pros and cons of individuals, and it is also the only basis for
natural selection. Individuals with high fitness are more
likely to be selected and inherited to the next generation. For
the optimal placement of the MR dampers in the plant
structure, the response of the plant structure was taken as the
objective function (see equation (8)) to calculate the fitness
value. 1erefore, the larger the fitness value, the smaller the
objective function value, and the better the individual, which
indicated that the optimally arranged MRD had a better
vibration damping effect.

1e fitness function had to satisfy the conditions of
[36, 37]: (1) being single value, continuous, nonnegative, and
maximized; (2) being reasonable and consistent; (3) having a
small amount of calculation; and (4) having strong versa-
tility. For the minimum objective function, the fitness
function is as follows:

F{ } �
Cmax  − f(x) , f(x) < Cmax ,

0, other,
 (13)

[K] u{ } � F{ }, (14)

u{ } �
v

a
 , (15)

F{ } � c0 _x + k0 x − x0(  + αz, (16)

f(x)  � u{ } � [K]
− 1

F{ }, (17)

where Cmax  is the maximum estimate of f(x) , [K] is the
system characteristic matrix, and u{ } is the state variable
contains the velocity and the acceleration. 1e above fitness
function fully reflected the differences between individuals.
Among them, good individuals could gain a greater chance
of survival, while poor individuals were eliminated with a
greater probability.

Mathematical Problems in Engineering 9



5.5. Selection, Crossover, and Mutation

5.5.1. Select Operation. Natural selection involves selecting
excellent individuals from an old population to form a new
population with a certain probability and obtaining the next
generation of individuals through reproduction. 1e
probability of an individual being selected is related to fit-
ness. 1e greater the fitness, the higher the probability of the
individual being selected. In this research, the selection
operation was performed with the roulette method. 1e
probability Pi of the individual being selected is as follows:

Pi �
Fi


N
j�1 Fj

, (18)

where Fi is the fitness value of individual i and N is the
number of individuals in the population.

Figure 11 shows a schematic diagram of the roulette
method.1e roulette wheel represents the entire population,
and the area of each block in the roulette wheel is the ratio of
the overall fitness of the individual to the population. For
individuals with high fitness, the larger the occupied area,
the higher the probability of being selected. 1e specific
algorithm flow is as follows. 1e first step is to calculate the
probability Pi of all individuals being selected according to
formula (18). 1e second step is to generate random
numbers between 0 and 1 consistent with the population size
and to arrange the random numbers from small to large.1e
third step is to compare the random number with the
probability of the individual being selected. 1ose who were
less than the random number were eliminated, and those
who were greater than the random number were left.
1rough the roulette method, the excellent individuals with
high adaptability could be selected, and the individuals with
low adaptability could be eliminated.

5.5.2. Crossover Operation. 1e crossover operation in-
volved randomly selecting two individuals from the pop-
ulation, exchanging and combining the chromosomes of the

two individuals, and causing the excellent genes of the parent
to be inherited by the offspring, thereby forming a better
individual. In the optimizing placement of the MR dampers,
the new entity obtained by crossover needs to meet the
constraint condition of the constant number of dampers.
1erefore, the specific crossover algorithm could be de-
scribed as follows.

It was assumed that the two selected individuals to cross
were P1 and P2, for which the individual chromosome
length was 12, and the number of MR dampers was 6.

Location

Chromosome

P1

1

P2

2 3 4 5 6 7 8 9 10 11 12

0 0 1 1 0 0 1 1 0 1 0 1

1 0 0 1 0 1 1 0 1 1 0 0

1e number of dampers needed to be kept constant for
each crossover, so the crossover position needed to be se-
lected correctly. 1e specific method is as follows. 1e first

step is to accumulate the values of the chromosomes in the
individual one by one. 1en the accumulation result of P1
and P2 is as follows:

Location

Chromosome

P1

1

P2

2 3 4 5 6 7 8 9 10 11 12

0 0 1 2 2 2 3 4 4 5 5 6

1 1 1 2 2 3 4 4 5 6 6 6

Roulette pointer

Individual 1
Individual 2
Individual 3

Individual 4

Individual i
...

Figure 11: 1e sketch of the roulette method.
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1e second step was to compare the cumulative results of
two crossover individuals. If the cumulative results were the
same at the same position, the position was the crossover
position. 1erefore, the cross positions of P1 and P2 were 3,
4, 5, and 8, respectively [3–5, 8].

1e third step was to randomly select a position among
the four optional positions for crossover operation.

1e crossover probability determined the frequency of
the crossover operation, which had a greater impact on the
entire optimization process. If the crossover probability was
too high, too many new individuals would be generated,
making it difficult for the calculation to converge. If the
crossover probability was too small, the newly generated
individual would be poor, and the result might fall into the
local optimal solution prematurely. Generally, the crossover
probability was between 0.4 and 0.9 [49, 50].

5.5.3. Mutation Operation. 1e purpose of mutation was to
maintain the diversity of the population. 1e mutation
involved randomly selecting an individual from the pop-
ulation, selecting a certain gene in the individual to mutate,
and producing a new outstanding individual. To solve the
problem of optimizing the arrangement of the MR dampers,
the constraint condition that the number of MR dampers
remained unchanged also needed to be satisfied after the
mutation.1erefore, whenmutating, two genes needed to be
randomly selected: gene 1 and gene 0. During mutation,
gene 1 became 0, and gene 0 became 1 to ensure that the
number of MR dampers remained unchanged during the
mutation process.

1e probability of mutation had a greater impact on the
optimization process of the genetic algorithm. 1e selection
of the mutation probability was affected by factors such as
the population size and the chromosome length. If the
mutation probability was too large, it would lead to the
instability of the algorithm; if the mutation probability was
too small, the ability of the newly generated individual would
be poor and the algorithm would become premature.
Normally, the probability of mutation was 0.001∼0.1
[49, 50].

6. Engineering Case Analysis

6.1. Calculation Model and Parameter Selection. 1e entire
calculation model was gridded into 214,087 units and 52,724
nodes (see Figure 12). 1e origin of the coordinates is set at
the center of the generator floor. 1e x direction of the
coordinate system was the longitudinal axis of the plant; the
y direction was the upstream and downstream direction of
the plant; and the z direction was the vertical direction. 1e
material parameters of the plant structure are shown in
Table 1. Among them, the concrete strength grade of the
factory floor, beams, pillars, machine piers, windshield, and
spiral casing was C30, and the concrete strength grade of the
rest was C25.

Research has shown that under no-load conditions, the
damping control effect of MR dampers is poor [51].
1erefore, in this research, this operating condition was

selected in order to study the optimal layout of MR dampers.
It was assumed that various vibration loads were simple
harmonic loads. 1e position and the magnitude of each
load are shown in Table 2.

1e time history of the external force couple is given by
F(t) � f(t) × FD, where the time variation factor f(t) is
depicted in Figure 13 and FD is the standard loading value of
the unit.

In this research, the minimization of vertical speed
and the acceleration were taken as the optimization ob-
jective function. Taking the no-load condition as an ex-
ample, the multiobjective genetic algorithm was used to
optimize the layout of the MR damper on the generator
floor. 1e parameters used in the genetic algorithm are
shown in Table 3. 1e population size was 20; the chro-
mosome length was 22; the maximum number of itera-
tions was 30; and the crossover and mutation probabilities
were 0.8 and 0.05, respectively. 1e objective function was
calculated according to formula (10), for which ωA and
ωV were both selected as 0.5. When using the compiled
program to calculate the optimal layout, taking the cal-
culation efficiency into consideration, the passive-on
control method was adopted to optimize the layout of the
MR damper in the powerhouse.

In order to obtain a better vibration reduction effect,
the MR damper should be installed in the large response
area of the structure. At the same time, the principle of
symmetry between the center of mass and the center of
stiffness should be considered, as well as the requirements
of the use of structural space. 1e MR damper was in-
stalled in the midspan position of the beam to control the
first vibration mode, in combination with the structural
characteristics of the generator floor, as shown in Fig-
ure 14. 1e MR damper parameters are shown in Table 4.
In this research, 22 optional MR damper installation
positions were selected (the positions are shown in Ta-
ble 5). Twelve damper installation positions in the op-
tional positions were selected to control the vibration of
the powerhouse.

Z

XY

Z
XY

Figure 12: 1e mesh model of the powerhouse.
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6.2. Vibration Reduction Effect after Optimized Layout.
Table 6 and Figure 13 illustrate the optimized layout results
of the MR dampers on the generator floor. It can be seen
from Figure 15 that when the genetic algorithm was iterated
to about 16 generations, the optimized solution tended to
converge. It can be seen from Table 6 that the target value
converged to 1.547, and the subobjective function values of
the velocity and the acceleration were 2.493mm/s and
0.601m/s2, respectively. According to the optimized

Table 1: 1e parameters of the powerhouse.

Material Static elastic modulus (104MPa) Severe (kN · m− 3) Poisson’s ratio
Steel 20.60 78.0 0.300
C25 concrete 2.80 25.0 0.167
C30 concrete 3.00 25.0 0.167

Table 2: 1e standard loading value of the unit (units: kN).

Unit Backfill gravel

Stator
Axially V1 1,379.0

Tangential T1 0.0
Radial R1 0.0

Lower bracket
Axially V2 24.5

Tangential T2 18.9
Radial R2 18.9

Upper bracket Radial R3 48.8

f (t)
1

0.03 Time (s)

Figure 13: Time variation factor f(t) of force couple.

Table 3: 1e parameters of the genetic algorithm.

Population size Chromosome length Crossover probability Mutation probability Maximum number of iterations
20 22 0.8 0.05 30

5 7 8
10

11

12 13

14
15

16

17

20

22 211

2

3

4

19

18

96

Y

X Z

Figure 14: 1e installation location of the MR dampers.

Table 4: 1e parameters of the MR dampers.

Parameter Value
A 53.17
α 862.30
β 36.37
c 47.46
C0 2.245
K0 1.31
n 1.24
x0 − 20.75
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installation position of the MR damper, the semiactive
control methods of improved simple bang-bang were used to
control the vibration of the powerhouse.

Table 7 shows the overall maximum response value of
the generator floor after the optimized layout. For the
vertical velocity, after optimizing the layout, the passive
control passive-on and the semiactive control improved
simple bang-bang responses were 2.836mm/s and
2.686mm/s, respectively, and the responses were reduced by
13.90% and 18.46%, respectively. For the vertical accelera-
tion, the responses of the passive control passive-on and the
semiactive control improved simple bang-bang were
0.605m/s2 and 0.549m/s2, respectively, and the responses
were reduced by 11.16% and 19.38%, respectively. Before
comparing the optimized layout, the optimized layout of the
MR damper installation position was used for the vibration
damping control, and the damping effect was improved. In

particular, when the improved simple bang-bang control
method was adopted, the overall maximum vertical velocity
damping effect of the generator floor was increased by
5.56%, and the maximum vertical acceleration damping
effect was increased by 8.66%.

In order to better demonstrate the damping effect after
the optimized layout, Table 8 shows the response values of
the characteristic points of the generator floor after the
optimized layout. For the maximum vertical velocity re-
sponse point after optimization, the vertical speed responses
of the passive control passive-on and the semiactive control
improved simple bang-bang were 2.493mm/s and
2.086mm/s, respectively, and the responses were reduced by
24.32% and 36.67%, respectively. For the maximum vertical
acceleration response point, the vertical acceleration re-
sponses of the passive control passive-on and the semiactive
control improved simple bang-bang responses were 0.601m/

Table 5: 1e coordinate of the installation locations of MR dampers.

Structure Control point Control point coordinates Control point Control point coordinates

Generator floor

1 (5.00, 9.85) 12 (− 4.65, − 13.10)
2 (9.10, 6.90) 13 (− 10.54, 13.10)
3 (9.10, 0.00) 14 (− 8.10, − 9.10)
4 (9.10, − 9.10) 15 (− 12.60, − 9.10)
5 (6.96, − 9.10) 16 (− 8.05, − 4.40)
6 (7.00, − 13.10) 17 (− 9.10, 0.01)
7 (4.50, − 9.10) 18 (− 12.60, 0.01)
8 (2.14, − 9.10) 19 (− 12.6, 6.90)
9 (1.90, − 13.10) 20 (− 8.10, 6.90)
10 (− 0.01, − 9.10) 21 (− 10.54, 9.60)
11 (− 4.65, − 11.85) 22 (− 4.06, 9.60)

Table 6: 1e results of the optimal placement of the MR dampers.

Optimal
position

Objective function
value

Speed function objective function
value (mm/s)

Acceleration function objective function
value (m/s2)

1, 2, 3, 4, 7, 14, 15, 16, 17, 20,
21, 22 1.547 2.493 0.601

1.8

1.7

1.6

1.5
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0 5 10 15 20 25 30
Evolutionary algebra

Figure 15: 1e evolution process of the objective function value.

Mathematical Problems in Engineering 13



s2 and 0.520m/s2, respectively, and the responses were re-
duced by 11.75% and 23.64%, respectively. When the im-
proved simple bang-bang control method was adopted, the
vertical velocity vibration reduction effect of the maximum
vertical velocity response point of the generator floor was
increased by 5.19%, and the vertical acceleration vibration
reduction effect of the maximum vertical acceleration re-
sponse point was increased by 4.41%. In addition, Figures 16
and 17 show the time history curves of the maximum re-
sponse point of the two control methods. It can also be seen

from the figures that the optimized arrangement effectively
improved the vibration damping control effect of the MR
damper.

In summary, for the no-load conditions, the overall
responses of the vertical velocity and the acceleration of the
generator floor were reduced by 18.46% and 19.38%, re-
spectively, by optimizing the arrangement of MR dampers.
Compared with the optimized layout, the vibration reduc-
tion effect was increased by 5.56% and 8.66%, respectively.
1e vertical velocity at the maximum vertical velocity

Table 7: 1e maximum response of the generator floor after the optimal layout.

Response No control Passive-on Improved simple bang-bang

Vertical velocity (mm/s)
Before optimization 3.294 2.933 (10.96%) 2.869 (12.90%)

Optimized — 2.836 (13.90%) 2.686 (18.46%)
Optimization effect — 2.94% 5.56%

Vertical acceleration (m/s2)
Before optimization 0.681 0.617 (9.40%) 0.608 (10.72%)

Optimized — 0.605 (11.16%) 0.549 (19.38%)
Optimization effect — 1.76% 8.66%

Table 8: 1e response of the generator floor characteristic points after the optimal layout.

Response No
control Passive-on Improved simple bang-

bang

1e maximum vertical velocity response point (vertical velocity;
mm/s)

Before
optimization 3.294 2.729

(17.15%) 2.257 (31.48%)

Optimized — 2.493
(24.32%) 2.086 (36.67%)

Optimization
effect — 7.16% 5.19%

1e maximum vertical acceleration response point (vertical
acceleration; m/s2)

Before
optimization 0.681 0.617 (9.40%) 0.550 (19.24%)

Optimized — 0.601
(11.75%) 0.520 (23.64%)

Optimization
effect — 2.35% 4.41%
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Figure 16: Time-history curve of characteristic points after the optimal layout for the passive-on control.
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response point was reduced by 36.67%, and the vertical
acceleration at the maximum acceleration response point
was reduced by 23.64%. Compared with the optimized
layout, the vibration reduction effect was increased by 5.19%
and 4.41%, respectively. 1erefore, the optimized layout
method of the MR dampers for plant buildings proposed in
this research could effectively improve the vibration re-
duction effect of the MR dampers.

7. Conclusions

Based on the engineering background of an existing pum-
ped-storage power plant, in this research, two aspects are
mainly discussed and researched: the numerical simulation
method of MR damper vibration reduction control and the
optimal arrangement of an MR damper. 1e main con-
clusions were as follows:

(1) Based on the Bouc–Wen model, we proposed a
calculation method for an MR damper that was
suitable for large and complex structures. 1rough
the secondary development of the Abaqus platform,
the passive control (passive-off and passive-on) and
semiactive control of the MRD were realized. 1e
method was simple and easy to implement by simply
controlling the current switch of the MR damper.
Additionally, the size could achieve the passive
control and semiactive control of the MR damper.

(2) In view of the large vertical velocity and acceleration
response of the generator floor, we took minimizing
the vertical velocity and acceleration as the opti-
mization objective function, and we established a
multiobjective optimization problem for the optimal
placement of the MR dampers. Based on the mul-
tiobjective genetic algorithm, Abaqus was redevel-
oped through Python and Fortran, and the MR
damper on the generator floor of the plant was
optimized. 1e results showed that the optimized

layout method of the plant MR damper proposed in
this research was effective and feasible, and the
damping effect of the damper could be effectively
improved through the optimized layout.
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