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Abstract: Aiming at the problems of inefficient mitigation of the lateral vibration of high-speed
elevator cars, which results in low riding comfort, this paper introduces the electromagnetic active
rolling guide shoes and incorporates the sky-hook damping control strategy into the high-speed
elevator structure. On this basis, it adopts an optimization algorithm based on Sparrow Search
Algorithm (SSA) to adjust the parameters of the lateral vibration controller, thereby reducing the
amplitude of the lateral vibration and controlling it within the human comfort range. Specifically,
this paper first incorporates electromagnetic active rolling guide shoes into the vibration reduction
device of the high-speed elevator car. Based on the motion characteristics of lateral vibration, a
mathematical model is established in which the sky-hook damping control strategy is introduced.
Then, a simulation model is built, and the damping parameters of the controller are optimized using
the SSA, resulting in effective control of the lateral vibration amplitude of the high-speed elevator
car. Simulations demonstrate that the lateral vibration control model of the high-speed elevator car,
optimized by SSA, achieves lower amplitudes within the frequency range of 1-2 Hz compared to the
results obtained by the Genetic Algorithm (GA), demonstrating the effectiveness of SSA in optimizing
the damping parameters of the car controller. Finally, the simulation results are compared with the
measured data, and the research findings indicate that the proposed method for lateral vibration
control of the car can effectively suppress the lateral vibration amplitude.

Keywords: high-speed elevator; lateral vibration; sparrow search optimization; sky-hook damping
control strategy; electromagnetic active rolling guide shoes

1. Introduction

With the vigorous development of China’s economy and the dynamic implementation
of urbanization, high-rise, and super-high-rise buildings are growing up. According to
the statistics of the Council on Tall Buildings and Urban Habitat (CTBUH), by the end of
2022, there are 11 of the world’s top 20 skyscrapers in China, and Shanghai Tower, with a
total height of 632 m, ranks the second in the list [1]. In high-rise and ultra-high-rise build-
ings, conventional elevators often operate at slow speeds, resulting in low transportation
efficiency. This has prompted elevators to evolve for higher speeds and greater comfort.
At present, the high-speed elevators used in Shanghai Tower have reached 18 m/s. The
increase in speed of these elevators meets the vertical transportation needs of high-rise
buildings and improves traffic efficiency. However, along with the speed upgrade, there
are some negative effects. For example, high-speed elevators experience greater wear and
tear on their components during operation, which requires higher wear resistance and
strength of structural materials. The higher running speed of the elevators results in more
noticeable vibrations and makes them more susceptible to external stimuli, leading to
abnormal vibrations that affect ride comfort [2,3]. Previous research has shown that slight
vibration generally will not affect the safety and health of passengers. However, when
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the amplitude reaches a certain value, it will trigger the resonance phenomenon of the
organs of passengers, which results in irreversible damage to their health [4]. Additionally,
the human body has a sensitive range for cabin vibrations, which is 4-8 Hz vertically and
1-2 Hz horizontally with a higher sensitivity [5]. Vibration control, as one of the core
technologies of high-speed elevators, directly influences the comfort of elevator rides and
is also an important criterion for evaluating the quality of high-speed elevators. With
the large scale of existing high-speed elevators and demanding requirements for safety
and comfort, effective control of lateral vibrations in elevator cars holds great engineering
significance for improving the quality of elevator rides.

The lateral vibration control of the car can be divided into three main methods: passive
control, active control, and hybrid control. Among them, passive control consumes the
least energy but can only target vibrations within a narrow frequency band, making it less
suitable for dynamic high-speed elevator parameters [6]. On the contrary, active control
provides the best results but consumes the most energy. Hybrid control considers the cou-
pling relationships between high-speed elevator structural parameters and active control,
achieving a balance between power consumption and vibration reduction effectiveness.

Presently, there are few studies on the lateral vibration of high-speed elevator cars.
Nakano [7] et al. designed a new type of damping element consisting of two rotating
motors and an eccentric disc. Experimental results show that the dampers can reduce
lateral vibrations, but their actual effect depends on the accuracy of the manufacture and
installation of the components. Liu [8] et al. established a model for the horizontal vibration
dynamics of high-speed elevator cars by considering the relationship between lateral forces
and overturning moments and horizontal displacement, deflection angle displacement, and
rated speed. Utsunomiya [9] et al. analyzed the vibration spectrum of the guide rail, which
indicated that the disturbance of the rail mainly concentrated in the low-frequency areas,
and there was a main disturbance frequency which was directly proportional to the running
speed of the elevator and inversely proportional to the guide-rail length. Colén [10] et al.
used the Karhunen-Loeve Transform and polynomial chaos method to study the dynamic
characteristics and control means of the horizontal vibration of elevator car caused by rail
irregularity through the establishment of the irregular stochastic model of the rail profile.
Santo [11] et al. investigated the horizontal vibration response due to guideway roughness
in a three-degree-of-freedom lift vertical motion model and proposed a control strategy
based on the state-dependent Riccati equation. Zhang [12] et al. designed a BPNN-PID
controller with a linear predictive model using linear motors as actuators for the intelligent
control of car vibration under uncertain external excitation. Wang [13] et al. proposed a
semi-active damping method based on a Particle Swarm Optimization (PSO) algorithm to
control the adjustable damper of magneto-rheological fluid. In the aforementioned research
on lateral vibration control of elevators, most of the research methods have only remained
in the experimental stage and have not been applied to actual elevators. Moreover, all the
studies have shown insignificant control effects on the lateral vibration of the car. That is,
they have not reduced the resonance amplitude of the human body within the sensitive
frequency range.

Most of the vibrations in high-speed elevators are caused by the unevenness of the
guide rails. In order to reduce the impact of the guide rails, the car is “suspended” on
them. The electromagnetic active rolling guide shoes can exert active control force through
electromagnetic force, which can separate the car from the guide rails and reduce the impact
of the uneven guide rails on the car [14]. This structure can also be easily added to the
traditional guide shoes of the elevator. The electromagnetic active rolling guide shoes can be
regarded as a traditional damper between the car and the guide rails. Traditional dampers
have the disadvantage of increasing vibration when the absolute speed and relative speed
are opposite, while the sky-hook damping control strategy can effectively compensate for
that [15,16]. Therefore, this paper adds electromagnetic active rolling guide shoes to the
structure of high-speed elevators and introduces the sky-hook damping control strategy. In
the strategy, many important parameters related to vibration reduction need to be adjusted.
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However, manually determining a set of optimal parameters to effectively suppress car
vibration requires a large amount of difficult calculation. Optimization algorithms can
solve the problem of seeking the optimal solution for multiple parameters. Sparrow
Search Algorithm (SSA) is a new intelligent optimization algorithm proposed by Xue [17]
et al. in 2020 based on the foraging and anti-predation behavior of sparrows. Compared
with other swarm intelligence optimization algorithms, SSA has the advantages of strong
optimization ability, fast convergence speed, strong robustness, and stable performance.
Therefore, this paper proposes a lateral vibration control strategy based on SSA for the
lateral vibration of the high-speed elevator cabin within the human-sensitive frequency
range. Through Simulink numerical simulation research and analysis of experimental
results, it is demonstrated that the method proposed in this paper can effectively reduce
the lateral vibration of high-speed elevators within the human-sensitive frequency range
and improve the ride quality of high-speed elevators.

The remaining sections of this paper are arranged as follows: In Section 2, a mathemat-
ical model for car vibration is established based on the structure and vibration modes of
high-speed elevators. The control equation for sky-hook damping is also introduced in this
section. In Section 3, the SSA is presented. In Section 4, a Simulink simulation model is built
based on the mathematical model in Section 2, and simulations are performed using the
model. In Section 5, the specific structural parameters obtained through the optimization
algorithm are applied to an actual high-speed elevator for verification. Section 6 concludes
the paper.

2. High-Speed Elevator Car Vibration Model and Sky-Hook Damping
Control Strategy

The guiding system of a high-speed elevator is composed of guide shoes and guide
rails, and the guide shoe structure has a great impact on the lateral vibration of the elevator
car [18]. Compared with traditional guide shoes, electromagnetic active sliding guide shoes,
and electromagnetic active rolling guide shoes have better vibration reduction performance.
The electromagnetic active sliding guide shoes form a gap between the guide shoes and
the guide rails through the electromagnetic force. Thus, the car is suspended on the guide
rails so as to effectively reduce the lateral vibration of the high-speed elevator. However,
it requires high control technology and reliability [19]. Therefore, it is not widely used in
practice. Electromagnetic active rolling guide shoes use an electromagnet to exert active
control force on the basis of rolling guide shoes. Its structural diagram is shown in Figure 1.
Since this structure has little change to the original high-speed elevator, it owns a wider
range of applications. The introduction of electromagnetic active rolling guide shoes in
the vibration control of high-speed elevators aims to convert the damping related to car
vibration into an adjustable one.

Guide wheel
Motor
Part of the Electromagnet
elevator
car :>'
=
-
Guide rail

Figure 1. Structure diagram of electromagnetic active rolling guide shoes.
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In order to effectively reduce the vibration of the elevator car, the electromagnetic
active rolling guide shoe structure is introduced. Inspired by the sky-hook damping control
strategy in high-speed train cabin vibration control, the strategy is also introduced into the
vibration control of high-speed elevators.

The sky-hook damping control method compensates for the shortcomings of tradi-
tional dampers in that the damping force generated by the damper increases the vibration
of the car when the car’s motion speed and relative speed (between the car and the frame)
are opposite. The strategy of sky-hook damping control is to make the damping force of
the damper zero or reduce it to a minimum when the car’s motion speed and the relative
speed between the car and the frame are different, thereby reducing the vibration of the
car in the above-mentioned situation. The calculation for the sky-hook damping control is
shown as Formula (1).

X
(XC _5(10)

0, else

C _ Cs ’ xc (xc - xw) Z 0 (1)

where x. and x,, respectively denote the horizontal speed and frame of the elevator car,
and Cs represents the damping coefficient of transverse shock absorber.

In practice, the relative speed between the car and the car frame may be zero or a
minimum. According to Formula (1), in such cases, the value of C will tends to infinity,
exceeding the maximum value of the actual adjustable damper and damping coefficient.
Since the damping force that can be generated by the actual shock absorber has a range,
it can only approximately achieve some characteristics of the ideal sky-hook damper.
Therefore, the values of Cyin and Cmayx are set in this case. The actual application of sky-
hook damping control in lateral vibration control of high-speed elevators is represented by
Formula (2).

Cmax CS (J'ccicicw) > Cmax
C=1¢GCs ( xffcjcw) Cimin < (xcicjcw) < Crax 2)
C'min % < Cmin

(o)

The high-speed elevator car system consists of three parts, namely, the car frame,
the car, and the vibration-damping rubber block at the bottom. In order to establish a
mathematical model for the lateral vibration of the elevator car in a high-speed elevator,
the vibration-damping rubber blocks in the car system and the rolling guide shoes in
the guiding system are simplified as a spring-damping system, while the other parts can
be considered as rigid bodies. By simplification, a schematic diagram of the simplified
structure of the elevator car and guiding system in a high-speed elevator can be obtained,
as shown in Figure 2.

According to the theory of dynamics, a mathematical model for lateral vibration of a
high-speed elevator with four degrees of freedom, considering the separation of the car
frame and the car, and the upper and lower guide shoes, is established. Formulas (3)—(5)
correspond to the translational, pitch, and roll motion modes shown in Figure 2.

X1 =X =Xx3=12X4 3)
(x1 = x2) # (x3 = x4) 4)
(x1 = x3) # (%2 = x4) )

where x1, X2, x3 and x4 represent the horizontal displacements of the four guide shoe wheels.



Appl. Sci. 2023,13, 10527 50f 16

Xz X4 Guids
by T
c c
i PN |
T Eolling
mw ‘ guide
Elevator| b \ e ‘
car T T
\\\ j oW L4 ‘
Car ‘ me s Ic lzc ‘
frar@\ | I Iw 1z | .
T Xc bz
Shock-reducin: | — L L I @c ®zC
rubber ke ‘ ) ®
\ cc L i
| | 4 |
k IS S ST S—
e = | .
¢ I c I
—l J
X X
() (b) (c)

Figure 2. Structure diagram of the high-speed elevator car and guide system (a) Translational motion
(b) Pitching motion (c) Roll motion.

The lateral vibration simulation model of a high-speed elevator car can be obtained
by synthetically establishing the equations of the three motion modes. Different motion
modes involve different motion equations as follows [20]:

(a) Translational motion

In the case of translational motion, the motion equation of the high-speed elevator car
frame is shown in Formula (6):

My - Xy = —C 24: (xw - Xn) —k 24: (xw — xn) — cc (kw - xc) - kc(xw - xc) (6)
n=1

n=1

The car motion equation of a high-speed elevator is shown in Formula (7):
Me - Xe = —C¢ (xc - xw) - kc(xc - xw) ()

where my, is the mass of the car frame, xy, is the displacement of the mass center of the car
frame, m, is the mass of the car, x. is the displacement of the car, k. is the lateral stiffness
coefficient of the vibration-damping rubber block at the car bottom, c. is the damping
coefficient of the vibration damping rubber block, k is the stiffness coefficient of the rolling
guide shoes, and c is the damping coefficient of the rolling guide shoes.

(b) Pitching motion
When pitching, the motion equation of the high-speed elevator car frame is drawn in
Formula (8).

. 2 . . 2
Ly ¢, =—c 71L1'(gow-L1—xn)—kZ L1 (@w- L1 — xn)

n= n=1

2 | 2 (®)
- 1L2' (Gow'LZ_xn+2) —k21L2~ (@w - L2 — xn42)
_ n—=

—ccLs(¢y - Ls — @, - Ls) —keLs(@w - Ls — ¢c - Ls)

The motion equation of a high-speed elevator car is shown in Formulas (9)—(11):

Ic'¢c = _CC'L5(¢C'L5 _qbw'LS) _kc'LS((PC'LS _¢w'L5) (9)
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2
I = %mc L2 (11)

where L to L5 are the dimensions of the high-speed elevator car, I is the car rotational
inertia under the mode, I, is the car frame rotational inertia under the mode, ¢, is the car
angle, and ¢, is the car frame angle.

(¢) Roll motion

When doing Roll motion, the motion equation of the high-speed elevator car frame is
drawn in Formula (12):

L-¢, =—c-Li- (49, Lio— X1+ X2 — X3 + X4)
—k-Lig- (4¢z - L1o — x1 + x2 — x3 + X4) 12
—cc Ly (¢, - L7 = ¢, - L7)
—ke - Ly(¢z - Ly — ¢zc - Ly)
The motion equation of the high-speed elevator car is shown in Formula (13):
Le ¢pe = ¢ Ly(@pe - Ly — @, - Ly) —ke - Ly(¢zc - Ly — @2 - Ly) (13)

where I, is the moment of inertia of the car, I, is the moment of inertia of the car frame,
@zc is the corner of the car, and ¢; is the corner of the car frame.

In the established mathematical model of the high-speed elevator, the inclusion of
the electromagnetic active rolling guide shoes allows the damping c of the guide shoes
to be controllable in the three modes of motion with lateral vibration. In lateral vibration
control, these three damping parameters are crucial. Manual adjustment of these damping
parameters and the values of the damping boundaries in the sky-hook damping control
strategy cannot satisfy the requirement of minimizing vibration. Therefore, an optimization
algorithm is needed to adjust these three damping parameters and the values of Cp;n and
Cmax in the sky-hook damping control strategy.

3. Optimization of Lateral Vibration Parameters Based on the SSA

In order to address the optimization of vibration control parameters within the range of
human sensitivity in high-speed elevators, the optimization algorithm of SSA is employed.
The objective function is defined as the minimum mean value of vibration amplitude within
the frequency range of 1-2 Hz. Through iterative calculations, the optimization process
aims to find the optimal values for the three damping parameters c of the electromagnetic
active rolling guide shoes and the parameters Cpjn and Cmax in the sky-hook damping
control strategy for minimizing vibrations. In this algorithm, the fitness of each generation
of the sparrow population is continuously calculated during the iteration process, and then
the parameters are fed back and adjusted to make the sparrows in the population move
toward the global optimal value and quickly converge near the value. Specifically, it is
divided into the following steps:

First, the sparrow population is constructed according to Formula (14):

xbo xd
X=1: - (14)

x‘]/l .. x

SR

where d represents the parameter dimension to be optimized, and n denotes the number of
sparrow populations.
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The fitness function is considered to obtain the fitness matrix of the sparrow population,
as shown in Formula (15):

(1. 42 d
f_xl'xl"‘x1_
fla g
F=|1 ] (15)
fx}l.x%...xz_

where F represents the sparrow population fitness matrix, and f denotes the fitness function.

The sparrows in the SSA population are mainly divided into three categories: the
discoverer, the follower, and the vigilante. The discoverer is responsible for searching for
areas with rich food, which has better adaptability. It can provide the follower with the
areas and directions for foraging. The follower searches for food simultaneously. The
watcher takes the responsibility for observing whether there exist predators around or not.
The discoverer owns a larger foraging search range, and the identities of the discoverer and
the follower will be dynamically updated. When the follower finds a better food source, it
will turn its identity to the discoverer.

Under normal circumstances, the discoverer prioritizes obtaining food based on the
higher adaptability when searching for food. Furthermore, the positions of these successful
sparrows are updated after each iteration. The position-updated formula of the discoverer
is shown in the following:

w1 _ [Xij oo~ ) if Ro<ST (16)
L] X1,]+QL 1f Rzst

where X; j represents the position of a sparrow, Xi,j represents the current iteration number,
itemmax represents the maximum number of iterations, a represents a random number
within the interval (0, 1], Rz represents the danger value, which ranges within the interval
(0,1], and ST expresses the safety value, which also ranges between within the interval
(0,1], Q is a random number subject to normal distribution. L represents a 1 x d matrix in
which all elements are 1.

If the watcher finds a predator in the foraging environment, an alarm signal will be
sent. When the danger value is greater than the safety value, the discoverer will take the
follower to other safe areas for foraging. For the watcher, DG < ST manifests that the danger
value is lower than the safety value. In other words, it means that there is no predator,
and the discoverer can continue searching. If DG > ST, it indicates that the watcher has
found the predator, and all sparrows should leave the area for other safe places. The
initial position of the watcher is randomly generated in the population, and the position
expression is shown in Formula (17):

. Xlt)est +B- ‘th,] o X}taest ;i fi> fg
i+l — t_xt (17)
1,] ‘ ij Xworst . _

Xij+ K- <(f/i—fw)+£ ) if fi=/fg

where Xj,.;; denotes the current global optimal location, indicating that the food source here
is the most abundant and the population is also the safest. § is a random number subject to
a normal distribution with a mean value of 0 and a variance of 1, which is used here as the
step control parameter and the direction of sparrow movement. K € [—1,1] is a random
number. ¢ is a non-zero constant, which is used to avoid the case where the denominator
is zero. f; is the fitness value of the current individual sparrow. f, and f;, are the current
global best and worst fitness values, respectively. f; > f, means that the sparrow is at the
edge of the population and is extremely vulnerable to predators. f; = f, means that the
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sparrows in the middle of the population are aware of the danger and need to be close to
other sparrows to minimize the risk of predation.

During the foraging process of the sparrow population, the follower constantly moni-
tors the actions and movement patterns of the discoverer. For followers they will replace
discoverers if they find a better food source, and the identities will exchange. The updated
position formula of followers is shown in Formula (18):

t
Xworst — Xi

Q~exp(12’j), if i>1%

Xt+1 =
1,
] Xlt;rl + ‘Xi,j _ ijl‘ AT . L, others

(18)

where X, stands for the best position discovered by the discoverer. A is a row matrix of

size 1 x d where each element in the matrix is either 1 or —1,and A" = AT(AAT)il.
Ultimately, Figure 3 depicts the flow chart of the lateral vibration control strategy of a
high-speed elevator, with the main steps as follows:

(1) Replace the traditional guide shoes in the cabin guiding device with electromag-
netic active roller guide shoes to reduce the impact on the cabin caused by uneven
guide rails.

(2) Toovercome the drawbacks of the electromagnetic active roller guide shoes, introduce
a sky-hook damping control strategy to avoid the increase in cabin vibration due to
the damping force generated by the electromagnetic active roller guide shoes when
the cabin’s motion speed and relative speed (cabin frame and cabin) are opposite.

(3) Establish three different types of mathematical simulation models for cabin motion in
high-speed elevators, and then construct Simulink simulation models based on the
sensitivity range of the human body to elevator vibrations.

(4) Introduce the SSA optimization algorithm and take the mean value of vibration
amplitude within the sensitive range of the human body as the optimization objective.
Optimize the damping coefficients c of the electromagnetic active roller guide shoes
and the Cpin and Cpax in the sky-hook damping control strategy in all three motion
modes of the simulation model to obtain the optimal solution.

(5) Apply the optimized parameters obtained from SSA to actual high-speed elevators to
verify the effectiveness and advancement of the proposed cabin vibration control strategy.

The structure of electromagnetic Determine the upper limit of lateral
active rolling guide shoes is vibration according to elevator
introduced in high-speed elevators vibration standards
Convert it to
adjustable damping
L . .
SSA Introduce sky-hook damping Determine the range of human
control method sensitivity
Initialize population

| |
)

Establish a mathematical model for the lateral vibration of high-speed elevators
and develop a Simulink simulation model based on it

Given initial

parameters

Optimal

Ul

Apply the optimal parameters to validate
them in high-speed elevators

Figure 3. The flow chart of lateral vibration control model of high-speed elevator.
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4. Simulation Analysis

In general, the horizontal acceleration of the elevator car floor is considered a direct
indicator of comfort. In order to better control the lateral vibration of high-speed elevators
and improve ride comfort, this paper first searches for specifications of lateral vibration
of high-speed elevators. Existing specifications state that the maximum peak-to-peak
value of horizontal vibration during elevator operation should not exceed 0.20 m/ s2,
and the A95 peak-to-peak value should not exceed 0.15 m/s? [21-23]. Next, a Simulink
simulation model is constructed based on the mathematical model of lateral vibration of
high-speed elevators mentioned in the second section. An SSA optimization algorithm is
then introduced to minimize the mean vibration amplitude within the range of human
sensitivity as the optimization objective. This is performed to optimize five parameters:
damping c of the electromagnetic active rolling guide shoes Cpin and Cmax of the sky-hook
damping control strategy for the three movement modes of high-speed elevators. This
is to obtain an optimal set of parameters. Finally, based on the optimal parameters, the
high-speed elevator is adjusted for actual testing to verify the effectiveness of the lateral
vibration control strategy proposed in this paper.

Generally speaking, the natural frequency range of the car transverse vibration lies
in 0-10 Hz, and the human sensitive transverse vibration frequency is 1-2 Hz [24,25].
Therefore, only the amplitude within 0-10 Hz is considered in this paper. According to the
derivation of the mathematical model of elevator car vibration, the Simulink simulation
model is built for subsequent simulation analysis. Figure 4 is the Simulink simulation
model. Figures 5-7 express the Rolling, Pitching, and Horizontal motion models of the
elevator car, respectively.

0
—f

Figure 5. Elevator car rolling model.
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Figure 7. Elevator car horizontal model.

During the simulation process, an m-file is used to input the guide rail excitation. The
damping coefficient of the electromagnetic active rolling guide shoes and the controller
parameter settings are bounded using upper and lower limits, as shown in Table 1. To
demonstrate the superiority and applicability of the SSA algorithm in optimizing the
parameters for controlling lateral vibration of high-speed elevator cars, a comparison is
made by optimizing the corresponding parameters using the Genetic Algorithm (GA) [26]
on the same simulation model. The parameters for both optimization algorithms are set in
the same way, as shown in Table 2.

Table 1. Range of relevant parameters.

Parameters Constraint Ranges

Damping coefficient of the electromagnetic active

rolling guide shoe (N x s/m) Cs + [Crmins Cmax]

Sky-hook damping controller parameter (N/m) Conin : 0 ~ 55
Cmax : 3 x 10
Table 2. Optimization algorithm parameter settings.
SSA GA
Population size 50 50
Maximum iterations 300 300

Crossover probability \ 0.7
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Table 2. Cont.

SSA GA

Mutation probability \ 0.3
Proportion of discoverers 0.7 \
Proportion of followers 0.1 \
Proportion of vigilantes 0.2 \

After calculation, the obtained fitness curve is shown in Figure 8.

1 T

09 F Genetic evolutionary algorithm | |
—— Sparrow search algorithm
0.8 b
0.7 1 b
0.6 b
7]
@
c 05 i
=
L

0.4

0.3

0.2

0.1

0 | L | | |
0 50 100 150 200 250 300

Number of evolutions

Figure 8. Fitness curve of two algorithms.

As can be seen from Figure 8, SSA has a faster convergence speed and higher parameter
fitness than those of GA. In terms of algorithm principle, GA mainly relies on crossover
and mutation to get better results. It has a stronger global search ability but a poorer
local search ability. In the later stage of evolution, the search efficiency goes low, which
is prone to premature convergence. However, SSA has stronger local search ability and
faster convergence speed. Given these advantages, the more reliable SSA was used for
optimization this time, which can provide better optimization results. Table 3 shows the
optimal parameters obtained after optimization through SSA.

Table 3. The final parameters after optimization by SSA.

Parameters Optimal Parameters
Translational motion damping controller parameter Csq (N/m) 3.74 x 103
Pitching motion damping controller parameter Csp (N/m) 1.06 x 103
Roll motion damping controller parameter Cs3 (N/m) 514.74

Conin : 1.93

Sky — hook damping controller parameter (N/m) Co 0132 % 10°
max -« +-

Then, the simulation results obtained from Simulink are imported into the analysis
tool. The time-domain data in the workspace is processed using the Fast Fourier Transform
(FFT) with a rectangular window function to obtain the frequency spectrum of the vibration
signal. The frequency spectrum is used to evaluate whether the lateral vibration control
results meet the requirements.
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In order to further demonstrate the effectiveness of the proposed lateral vibration
control method and the advanced nature of the SSA optimization algorithm, simulations
are conducted according to the original parameters of the high-speed elevator (without
vibration control) and optimized parameters of GA and SSA. During the simulation, the
same guide rail excitation is applied, and the frequency spectrum graphs of the simulation
results are shown in Figure 9.

X- axis direction %1073 X- axis direction
0.65 T T T T T T T T T 9 T T T T T T T T T
7\* —#— Vibration- free control —<— Simulation results of GA
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Figure 9. Vibration spectrum chart (simulation) (a) Vibration-free control spectrum chart (b) Opti-
mized vibration control spectrum chart.

From Figure 9, it can be observed that within the human sensitivity range of 1-2 Hz,
the maximum amplitude of vibration without vibration control is 0.63 m/s?, significantly
exceeding the comfort standard of 0.2 m/s?. However, after adjusting the parameters based
on intelligent optimization algorithms, the vibration amplitude within 1-2 Hz decreases
by two orders of magnitude, far below the comfort standard of 0.2 m/s?. Moreover, most
of the results from optimal parameters obtained through SSA are lower compared to
those from optimal parameters by GA within 1-2 Hz. This demonstrates the effectiveness
of introducing electromagnetic active roller guide shoes and sky-hook damping control
in vibration control for high-speed elevators, as well as the efficacy of seeking optimal
parameters through SSA.

5. Experimental Analysis

High amplitude vibrations not only decrease passenger comfort but also cause damage
to the components of high-speed elevators, reducing their lifespan. In order to verify the
simulation results, the ATL-ERT2 high-precision elevator riding transportation quality
tester was used to collect vibration data from a certain model of a high-speed elevator
in Jiaxing City, Zhejiang Province, China, with a lifting height of 150 m and a running
speed of 3.5 m/s?. This test instrument is equipped with a MEMS high-precision three-axis
accelerometer to measure the vibration acceleration in three directions of the car. The
sampling frequency during the experiment was set to 2000 Hz. Before the experimental
verification phase, structural improvements were made to the tested high-speed elevator,
which included incorporating electromagnetic coils to form electromagnetic active roller
guide shoes and introducing a sky-hook damping control strategy. Subsequently, the
structural parameters of the high-speed elevator were adjusted based on the optimal
parameters obtained from the simulation. Figures 10 and 11 show the on-site testing photos
and the collected results, respectively.
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Figure 10. Field test picture.

ISO Ride Quality(m/s®) X Y Z
Max Pk to Pk (Pk/Pk) 0.0086 0.017 0.189
Average Pk to Pk (A95) 0.0053 0.091 0.127
Sound Level dB(A) Full Run Pre-Run Post-Run  Full Record
Max 27.97 2791 27.86 27.97
Average 27.75 27.74 27.69 27.74
Raw Data(m/s?) X Y Z
Max Pk to Pk 0.164 0.199 0.869
Average Pk to Pk 0.086 0.075 0.237
Max 0 to Pk 0.417 0.424 0919
Performance Max V95/A95 Average
Velocity (m/s) 2.51 2.51 -
Jerk (m/s?) 0.532 - -
Acceleration (m/s?) 0.836 0.820 0.666
Deceleration (m/s?) 0.854 0.825 0.510
Distance Travelled (m) 82.85 - -
Analysis Measured Limit %Limit
Max Horizontal Vb.ISO (m/s?) 0.049 0.200 24.50
Max Vertical Vb.ISO (m/s?) 0.189 0.300 63.00
Max Jerk (m/s?) 0.532 2.5 21.28
Max Velocity (m/s) 351 3.50 100.28
Max Acceleration (m/s?) 0.836 1.500 55.73
Max Sound Level dB(A) 27.72 60.00 —32.28dB

Figure 11. Tester analysis report.

From the analysis of the test report, after adding the lateral vibration control strategy
for high-speed elevators proposed in this paper, the maximum amplitude of the car on the
X-axis and Y-axis is far less than 0.2 m/s?, which meets the comfort standard. The result
fully indicates that the control scheme proposed above is advanced and feasible.

In order to further verify if the optimal parameters obtained from SSA are consistent
with vibration acceleration results in both simulation and actual tests, so as to further
demonstrate the correctness and effectiveness of the constructed simulation model, the
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simulated data and the measured data of the horizontal acceleration of the elevator car
floor in the X and Y directions are compared. The results are shown in Figure 12.
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Figure 12. Vibration spectrum in X and Y axes (a) X-axis direction; (b) Y-axis direction.

From Figure 12, it can be observed that the simulated data are visually consistent
with the measured results in terms of the specific fluctuation trend. The root mean square
error (RMSE) is used as the evaluation metric for the fitness between the simulated and
measured results, and its calculation formula is shown in Formula (19).

RMSE = 5i)? (19)

=

Il
-

(xi —

where N represents the total number of data, x; represents the iy, data value in the actual
test data, s; represents the iy, data value in the simulated data.

The RMSE in the X-axis direction is 0.001, and in the Y-axis direction, 0.0008. Based on
the RMSE values, it can be concluded that the optimal parameters obtained from SSA are
highly consistent between the simulation and actual testing data.

6. Conclusions

In view of the deficiency of the current research on the lateral vibration of high-speed

elevator cars, this paper, based on the addition of electromagnetic active rolling guide
shoes and shy-hook damping control strategy, introduces the SSA intelligent optimization
algorithm to adjust the relevant parameters for lateral vibration reduction of the cabin. It is
found that after changing the elevator structure and optimizing the parameters, the lateral
amplitude of high-speed elevators is significantly reduced within the sensitive frequency
of the human body, far below the national standards. The main conclusions drawn from
this study on the lateral vibration of high-speed elevators are as follows:
(1) In the actual operation of high-speed elevators, the excitation of the guide rails is
the main cause of lateral vibration within the frequency range of 0-10 Hz. Based
on the analysis of the elevator’s motion, a mathematical model of the elevator’s
vibration is established, and a Simulink simulation model is developed using this
model. Through the simulation analysis of the model, the effectiveness of adding
electromagnetic active rolling guide shoes and sky-hook damping control strategy to
the structure of the high-speed elevator in reducing lateral vibration of the elevator
car is demonstrated.
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(2) The SSA intelligent optimization algorithm minimizes the average amplitude of
vibration within the human body’s sensitive range for the optimization objective,
achieving parameter optimization for damping c of the electromagnetic active rolling
guide shoes and Cpin, Cmax of the sky-hook control strategy in lateral vibration.
During the process of solving this problem, the optimization algorithm of SSA can
converge at a faster speed and has a higher fitness. Additionally, the simulation results
after optimization demonstrate that the amplitude within the human body’s sensitive
range has been effectively reduced.

(8) In practical high-speed elevator testing, by adding electromagnetic active rolling
guide shoes and sky-hook damping control strategy and by adjusting the optimal
control parameters obtained through SSA optimization, the vibration of the car is
consistent with the simulation results. At the same time, the lateral vibration of the car
is much lower than the national standard, improving the ride quality of the elevator.

Author Contributions: Methodology, W.S.; Formal analysis, C.Y.; Resources, S.L.; Data curation, Y.J.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by a Scientific research project of the Zhejiang Market Supervision
Administration (20200126), Hubei Province Key Research and Development Plan (2021BAA194) and
Guangxi Key Research and Development Plan (GuiKe AB21075009).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available upon
reasonable request from the authors.

Acknowledgments: The authors would like to acknowledge the support of our research team,
Scientific research project of the Zhejiang Market Supervision Administration, Hubei Province Key
Research and Development Plan and Guangxi Key Research and Development Plan.

Conflicts of Interest: The authors declare that there are no conflict of interest regarding the publica-
tion of this article.

References

1.  Qiao, S.; Zhang, R.; He, Q.; Zhang, L. Theoretical modeling and sensitivity analysis of the car-induced unsteady airflow in super
high-speed elevator. J. Wind. Eng. Ind. Aerodyn. 2019, 188, 280-293. [CrossRef]

2. Li, C;Hua, C; Qin, J.; Zhu, Z. Research on the dynamic characteristics of high-speed elevator system. In Proceedings of the 2019
International Conference on Electronical, Mechanical and Materials Engineering (ICE2ME 2019), Wuhan, China, 20-21 January
2019; Atlantis Press: Amsterdam, The Netherlands, 2019; pp. 105-109.

3. Chernenko, M.Y.; Kucher, E.S.; Kamysheva, E.Y. High-speed passenger lift model development. In Proceedings of the 2018
International Multi-Conference on Industrial Engineering and Modern Technologies (FarEastCon), Vladivostok, Russia, 2—4
October 2018; IEEE: New York, NY, USA, 2018; pp. 1-4.

4. Szydlo, K; Wolszczak, P; Longwic, R.; Litak, G.; Dziubifiski, M.; Drozd, A. Assessment of lift passenger comfort by the
Hilbert-Huang transform. J. Vib. Eng. Technol. 2020, 8, 373-380. [CrossRef]

5. Zhou, H.; Zhang, S.; Qiu, L.; Wang, Z.; Li, H. The multi-component coupling horizontal vibration modeling technology of the
high-speed elevator and analysis of its influencing factors. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2022, 236, 5850-5869.
[CrossRef]

6. Noguchi, N.; Arakawa, A.; Miyata, K.; Yoshimura, T.; Shin, S. Study on active vibration control for high-speed elevators. J. Syst.
Des. Dyn. 2011, 5, 164-179. [CrossRef]

7. Nakano, K.; Hayashi, R.; Suda, Y.; Noguchi, N.; Arakawa, A. Active vibration control of an elevator car using two rotary actuators.
J. Syst. Des. Dyn. 2011, 5, 155-163. [CrossRef]

8.  Liu,J.; Zhang, R.; He, Q.; Zhang, Q. Study on horizontal vibration characteristics of high-speed elevator with airflow pressure
dis-turbance and guiding system excitation. Mech. Ind. 2019, 20, 305. [CrossRef]

9.  Utsunomiya, K.; Okamoto, K.I.; Yumura, T.; Funai, K.; Kuraoka, H. Active roller guide system for high-speed elevators. Elev.
World 2002, 50, 86.

10. Colén, D.; Cunha, A., Jr.; Kaczmarczyk, S.; Balthazar, ].M. On dynamic analysis and control of an elevator system using polynomial

chaos and Karhunen-Loeve approaches. Procedia Eng. 2017, 199, 1629-1634. [CrossRef]


https://doi.org/10.1016/j.jweia.2019.02.012
https://doi.org/10.1007/s42417-019-00184-3
https://doi.org/10.1177/09544062211063100
https://doi.org/10.1299/jsdd.5.164
https://doi.org/10.1299/jsdd.5.155
https://doi.org/10.1051/meca/2019013
https://doi.org/10.1016/j.proeng.2017.09.083

Appl. Sci. 2023,13, 10527 16 of 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Santo, D.R.; Balthazar, ].M.; Tusset, A.M.; Piccirilo, V.; Brasil, RM.L.R.F; Silveira, M. On nonlinear horizontal dynamics and
vibrations control for high-speed elevators. J. Vib. Control. 2018, 24, 825-838. [CrossRef]

Zhang, Q.; Yang, Z.; Wang, C.; Yang, Y.; Zhang, R. Intelligent control of active shock absorber for high-speed elevator car. Proc.
Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2019, 233, 3804-3815. [CrossRef]

Wang, Z.; Qiu, L.; Zhang, S.; Su, G.; Zhu, L.; Zhang, X. High-speed elevator car system semi-active horizontal vibration reduction
method based on the improved particle swarm algorithm. J. Vib. Control. 2022, 29, 2921-2934. [CrossRef]

Zhao, M.; Qin, C,; Tang, R; Tao, J.; Xu, S.; Liu, C. An Acceleration Feedback-Based Active Control Method for High-Speed
Elevator Horizontal Vibration. J. Vib. Eng. Technol. 2023, 1-14. [CrossRef]

Ziyaeifar, M. Vibration control in train-bridge—track systems. Veh. Syst. Dyn. 2008, 46, 355-384. [CrossRef]

Wang, J.; Xu, L.; Zhang, C.; Bian, X. Semi-active Suspension Damping Control Based on Single Acceleration Sensor. In Proceedings
of the 2022 6th International Conference on Robotics and Automation Sciences (ICRAS), Wuhan, China, 9-11 June 2022; IEEE:
New York, NY, USA, 2022; pp. 18-23.

Xue, J.; Shen, B. A novel swarm intelligence optimization approach: Sparrow search algorithm. Syst. Sci. Control. Eng. 2020, 8,
22-34. [CrossRef]

Hu, Q.; Hao, M; Liu, H. Adaptive sliding mode control of maglev guiding system for ropeless elevator based on feedback
linearization. In Proceedings of the 2011 Chinese Control and Decision Conference (CCDC), Mianyang, China, 23-25 May 2011;
IEEE: New York, NY, USA, 2011; pp. 1007-1010.

Appunn, R.; Schmulling, B.; Hameyer, K. Electromagnetic guiding of vertical transportation vehicles: Experimental evaluation.
IEEE Trans. Ind. Electron. 2009, 57, 335-343. [CrossRef]

Mutoh, N.; Kagomiya, K.; Kurosawa, T.; Konya, M.; Andoh, T. Horizontal vibration suppression method suitable for super-high-
speed elevators. Electr. Eng. Jpn. 1999, 129, 59-73. [CrossRef]

Cao, S.; He, Q.; Zhang, R. Robust control of high-speed elevator transverse vibration based on LMI optimization. In IOP Conference
Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2019; Volume 538, p. 012032.

Gongalves, M.; Balthazar, ].M.; Oliveira, C.; Fuziki, M.E.K,; Lenzi, G.G.; Tusset, A.M. Active Control System Applied to Vibration
Level Control in High-Speed Elevators. Int. J. Robot. Control. Syst. 2022, 2, 581-593. [CrossRef]

Esteban, E.; Salgado, O.; Iturrospe, A.; Isasa, I. Vibration-based condition monitoring for residential lifts. In Proceedings of the
26th International Condition Monitoring Diagnostic Engineering Management Congress, Helsinki, Finland, 11-13 June 2013; p. 1.
Li, L.; Qiu, T,; Jia, T.; Chen, C. Stepping quantum genetic algorithm-based LQR control strategy for lateral vibration of high-speed
elevator. at-Automatisierungstechnik 2022, 70, 623—-634. [CrossRef]

Yang, Z.; Zhang, Q.; Zhang, R.; Zhang, L. Transverse vibration response of a super high-speed elevator under air disturbance. Int.
J. Struct. Stab. Dyn. 2019, 19, 1950103. [CrossRef]

Tang, K.S.; Man, K.F,; Kwong, S.; He, Q. Genetic algorithms and their applications. IEEE Signal Process. Mag. 1996, 13, 22-37.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/1077546316667324
https://doi.org/10.1177/0954406218810045
https://doi.org/10.1177/10775463221089425
https://doi.org/10.1007/s42417-023-00955-z
https://doi.org/10.1080/00423110701385896
https://doi.org/10.1080/21642583.2019.1708830
https://doi.org/10.1109/TIE.2009.2032432
https://doi.org/10.1002/(SICI)1520-6416(199910)129:1%3C59::AID-EEJ8%3E3.0.CO;2-1
https://doi.org/10.31763/ijrcs.v2i3.768
https://doi.org/10.1515/auto-2021-0154
https://doi.org/10.1142/S0219455419501037
https://doi.org/10.1109/79.543973

	Introduction 
	High-Speed Elevator Car Vibration Model and Sky-Hook Damping Control Strategy 
	Optimization of Lateral Vibration Parameters Based on the SSA 
	Simulation Analysis 
	Experimental Analysis 
	Conclusions 
	References

