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High-speed elevator horizontal vibration (HsEHV) is a problem that seriously affects ride comfort. To solve this problem, a design
parameter optimization method for HsEHV reduction was studied. A dynamic equation of HsEHV was established, and its
response value was calculated using a precise integration method. .e influence of the design parameters on horizontal vibration
was also analyzed. An optimization model of the design parameters for HsEHV reduction was constructed, and the response
surface model of objective function (the peak-to-peak value of horizontal vibration acceleration) was constructed using Latin
hypercube sampling. We adopted a multiobjective genetic algorithm to optimize the design parameters for horizontal vibration
reduction and used the min-max standardization method to select an optimal solution set. Finally, a KLK2 high-speed elevator
made by Canny Elevator Co., Ltd., was utilized as an example to analyze the influencing factors of HsEHV, optimize the design
parameters to reduce horizontal vibration, and verify the optimized results using numerical calculation and prototype testing.

1. Introduction

High-speed elevators are an indispensable vertical transport
tool in superhigh-rise buildings. However, elevator vibration
exacerbates as the lifting speed increases, which affects ride
comfort and ride stability. Determining how to optimize the
vibration reduction of elevators has become an important
technical difficulty that needs to be urgently solved through
research and development of high-performance elevator
products. For this reason, many scholars and engineering
technicians have conducted research on vibration modeling
and analysis of high-speed elevators and vibration sup-
pression methods.

Vibration modeling and analysis of high-speed elevators
provide the basis for studying vibration suppression
methods and the development of vibration dampers. Fung
et al. [1] studied vibration analysis and the vibration sup-
pression control of a moving elevator string with time-
varying length and a weight attached at the lower end.
Utsunomiya et al. [2] analyzed the vibration of elevators
from the guide shoe, which provided a design idea that can
effectively reduce the static equilibrium vibration. Arrasate

et al. [3] conducted a study of vertical vibrations caused by
the torque ripple generated in the elevator drive system and
its influence on passenger comfort during elevator travel.
Wee et al. [4] investigated nonlinear, velocity-dependent,
stick-slip vibrations that occur during sliding metal contact.
Guo et al. [5] developed the elevator cabin-slide guide-rail
coupled lateral vibration model. .is exploration provides
the important theoretical foundation for optimal design of a
slide guide. Fan and Zhu [6] developed the round elevator
traveling cable model using a singularity-free beam for-
mulation. .e effects of the vertical motion of the car on the
free responses of the traveling cable were investigated.
Kobayashi et al. [7] identified the modal parameters of the
elevator car using an operational modal analysis and then
estimated the stiffness parameters of the elevator car based
on these parameters. Yang et al. [8] investigated the couple
vibrations of building and elevator ropes using theoretical
and experimental verification..e proposed model was then
used to predict the sways of practical building and elevator
ropes. Wang et al. [9] derived the definite and random part
of the acceleration response expressions according to per-
turbation theory, and the transverse vibration acceleration
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response of the observation point was analyzed. Mei and
Chen [10] constructed the system dynamic equations of the
high-speed traction elevator, and this vibration behavior was
analyzed using the Newmark method. Taplak et al. [11]
proposed the adaptive neural network predictor to estimate
and evaluate the vibrations on elevator systems. Zhang et al.
[12, 13] established the nonlinear model of rolling guide
shoes. .e horizontal vibration responses were analyzed
under variation of the parameters and the irregularity of the
guide rails. Yani et al. [14] investigated the nonlinear os-
cillation and stability of the elevator’s drum as a single-
degree-of-freedom swing system employing the parameter
expansion method. Liu et al. [15] established the horizontal
vibration dynamic model of the high-speed elevator car by
considering the relationships of lateral force and the over-
turning moment with horizontal displacement, deflection
angle displacement, and rated speed.

.e research results of vibration suppression are helpful
for improving elevator ride comfort and operational sta-
bility. Mutoh et al. [16] proposed the active damping control
method for superhigh-speed elevators. .is method sup-
presses vibrations by generating the magnetic force needed
for suppression only when vibrations of the car frame are
produced. Feng et al. [17] designed the robust controller of
horizontal vibrations using Lyapunov’s method and con-
sidering the characteristics of nonlinearity, parameter un-
certainties, and external disturbances of the elevator cage.
Noguchi et al. [18,19] developed several active suspension
systems to reduce the horizontal vibrations of the elevator
car. .ese systems have six actuators that independently
activate the guide rollers. Santo et al. [20] investigated the
horizontal nonlinear response of a three-degree-of-freedom
vertical transportation model excited by guide rail defor-
mations. A control strategy based on the state-dependent
Riccati equation was proposed. Kang and Sul [21] proposed
a vibration suppression strategy for improving the ride
comfort of an elevator using car acceleration feedback
compensation. Knezevic et al. [22] proposed the synergistic
solution based on the jerk control and upgrade of the speed
controller with a band-stop filter to restore lost ride comfort
and speed control caused by vibration. Zhang et al. [23]
designed the active car shock absorber with a linear motor to
effectively suppress high-speed traction elevator vibration.
Nakano et al. [24] presented a new control device to suppress
horizontal vibration in the elevator cabin. .e device con-
sists of two rotary electric motors with eccentric masses that
can reduce vibration without producing unwanted vertical
vibration. Funai et al. [25] described the control charac-
teristics and experimental results of the twomainmethods of
active vibration control systems. One is the actively con-
trolled roller guide system, and the other is the active control
system installed between the car frame and the platform.
Otsuki et al. [26] presented the method of vibration control
for the elevator rope, which is based on the nonstationary
sliding mode control method using an input device with
gaps. Arakawa and Miyata [27] developed a new controller
with a variable structure that consisted of multiple linear
controllers to suppress the vertical vibration of fast elevators.
Kim et al. [28] presented an advanced method of selecting

the number of poles and slots to reduce the vibration of the
traction motor used for the gearless elevator system.
Utsunomiya [29] developed the vibration damping device
for an elevator. .e actuator that generates the vibration
damping force acting on an elevator car is provided in
parallel with the spring that directs the guide roller against
the guide rail. Dai et al. [30] proposed the moving element
method which was found to have advantages over the other
numerical methods for solving high-speed dynamic re-
sponse problems. In conjunction with the moving element
method, a three-phase computational scheme was proposed
to account for the motion of the unsupported sleepers in
relation to the truncated rail segment in the moving coor-
dinate system, and the study found that a high-speed train
that travels over a discretely supported track produced more
severe vibrations than that which travels over a continuously
supported track of equivalent foundation stiffness [31,32].

.e vibration suppression of the high-speed elevator is
often achieved by developing and installing vibration
dampers. Typical passive vibration dampers [33–35] include
a guide shoe, a shock-absorbing spring, and an elevator car
buffer. Typical active vibration dampers [2,16,36,37] include
an electromagnetic guide shoe, an electromagnetic damper,
and an active hydraulic guide roller..ere aremany linear or
nonlinear elastic elements in a high-speed elevator. How-
ever, if the design parameters are not properly selected, high-
speed elevators may violently vibrate. .e human feeling of
vibration is related not only to vibration intensity but also to
its frequency and direction. .e traditional elevator design
process has a large randomness in the selection of the elastic
components of the guidance system. It is mainly selected
according to the size of the rolling guide shoes, the width of
the wheel, and the width of the guide rail. .e vibration-
related design parameter optimization method proposed in
this paper theoretically gives the impact of the relevant
parameters on the HsEHV system and selects the optimal
solution of the relevant parameters to improve the hori-
zontal vibration performance of the high-speed elevator.

.e rest of this paper is organized as follows:.eHsEHV
system is introduced in Section 2. .en, three main influ-
encing factors of HsEHV are analyzed in Section 3. In
addition, the vibration-related design parameter optimiza-
tion problem is modeled in Section 4. To solve this opti-
mization problem, an MOGA-based solution is presented in
Section 5. In Section 6, the proposed method is verified with
a KLK2 high-speed elevator parameter design process. Fi-
nally, the conclusions are drawn in Section 7.

2. HsEHV System

2.1. Composition of the HsEHV System. .e HsEHV system,
as shown in Figure 1, consists of a car system and a guide
system. .e car system mainly includes a car cab, a car
frame, and a car floor frame. .e car frame and car cab are
connected by the car floor frame. .e guide system mainly
includes T-section guide rails installed on the hoistway wall
of the elevator and the roller guide shoe. Two sets of roller
guide shoes are installed on the top of the vertical beam of
the car frame, and the other two sets of roller guide shoes are
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installed under the safety gear at the bottom of the car frame.
.ree guiding pulleys of roller guide shoes are attached to
the surface of the T-section guide rails by elastic elements.

2.2.DynamicModelof theHsEHVSystem. In HsEHV, the car
translation in the horizontal direction and its rotation
around the centroid in the plane are mainly considered. .e
roller guide shoe can be regarded as a linkage mechanism.
.e position of the elastic element does not coincide with the
center of the guiding pulley. An equivalent elastic element is
converted to the center of the guiding pulley. .e roller
guide shoe is simply a spring and damper in parallel. A
dynamic model of the horizontal vibration of a high-speed
elevator car is shown in Figure 2.

In Figure 2, yi (i� 1, 2, 3, 4) is the displacement of the
four guiding pulleys in the horizontal direction, i.e., the
unevenness of guide rails at their corresponding positions.

.e horizontal vibration system of the high-speed ele-
vator shown in Figure 2 has two degrees of freedom, i.e., y
and θ, which can be expressed in the form of the dis-
placement vector:

X{ } � y, θ 
T
. (1)

.e horizontal displacement of the four roller guide
shoes at their mounting positions on the car frame is as
follows:

y′1 � y′3 � y − l1θ,

y′2 � y′4 � y + l2θ.

⎧⎪⎨

⎪⎩
(2)

.e deformation of the four sets of elastic damping
elements can be obtained as follows:

q1 � y′1 − y1 � y − l1θ − y1,

q2 � y′2 − y2 � y + l2θ − y2,

q3 � y′3 − y3 � y − l1θ − y3,

q4 � y′4 − y4 � y + l2θ − y4.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(3)

According to D’Alembert’s principle and the dynamic
characteristics of elastic elements and damping elements, a
dynamic differential equation of the horizontal vibration
system of a high-speed elevator was established:

m €y � − kq1 + c _q1(  − kq2 + c _q2(  − kq3 + c _q3(  − kq4 + c _q4( ,

(4)

J€θ � l2 · − kq2 + c _q2(  − kq4 + c _q4(  

− l1 · − kq1 + c _q1(  − kq3 + c _q3(  .
(5)

From equations (4) and (5),

m€y + 4c _y + 4ky + 2c l2 − l1(  _θ + 2k l2 − l1( θ

� 
4

i�1
c _yi − kyi( ,

(6)

J€θ + 2c l
2
1 + l

2
2  _θ + 2k l

2
1 + l

2
2 θ + 2c l2 − l1(  _y + 2k l2 − l1( y

� cl2 _y2 + _y4(  − cl1 _y1 + _y3(  + kl2 y2 + y4(  − kl1 y1 + y3( .

(7)

.e differential equation of the dynamic system could be
described in the following general form [38]:

[M] €X  +[C] _X  +[K] X{ } � Q{ }, (8)

where [M], [C], and [K] are the mass matrix, damping
matrix, and stiffness matrix of the system, respectively, and
{Q} is the excitation matrix. Equations (6) and (7) are
expressed in the form of equation (8) as

Guiding pulley

Roller guide shoe

Car frame upright

Car frame

Car cab

Car floor frame

T-section guide rail

Figure 1: Composition of the HsEHV system.
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Figure 2: Dynamic model of horizontal vibration of a high-speed
elevator car.
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i�1
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cl2 _y2 + _y4(  − cl1 _y1 + _y3(  + kl2 y2 + y4(  − kl1 y1 + y3( 

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(9)

.emass matrix, dampingmatrix, and stiffness matrix of
the horizontal vibration system of the high-speed elevator
can be obtained from equation (9) as

[M] �
m 0

0 J
 ,

[C] �
4c 2c l2 − l1( 

2c l2 − l1(  2c l1
2 + l2

2( 
 ,

[K] �
4k 2k l2 − l1( 

2k l2 − l1(  2k l1
2 + l2

2( 
 ,

[Q] �


4

i�1
c _yi + kyi( 

cl2 _y2 + _y4(  − cl1 _y1 + _y3(  + kl2 y2 + y4(  − kl1 y1 + y3( 

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

(10)

where the design parametersm, J, k, c, l1, and l2 are contained
in matrixesM, C, and K and yi and ẏi (i� 1, 2, 3, 4) related to
the external displacement excitation are contained in the
matrixQ, which should be determined according to the total
profile deviation of the guide rail.

2.3. Excitation Matrix of the High-Speed Elevator Guide Rail
Profile Deviation. .e horizontal vibration excitation of the
car mainly comes from the defects of the guide system such
as a sudden change in the connection of the guide rail and
bending deformation of the guide rail. .e displacement
excitation of the guide rail is manifested as its straightness
deviation, while this periodic excitation will cause the
horizontal vibration of the elevator car [39]. For the left and
right horizontal vibrations of the car, only one-dimensional
bending deformation of the guide rail needs to be considered
(forward and backward horizontal vibrations would be
similar). One-dimensional bending deformation is wavy in
the plane, which is in accordance with the features of the
sinusoidal signal. Since the excitation is periodic, it has been
tested as a sinusoidal excitation. Compared with other forms
of excitation, sine wave excitation is more simple in cal-
culation while ensuring the simulation accuracy [40]. As
shown in Figure 3, one-dimensional bending deformation of
the guide rail is expressed in the sinusoidal form. A is the
amplitude, and ΔL is the half-wavelength, i.e., the distance
between brackets.

.e total profile deviation of the guide rail was produced
during manufacturing and installation. Because the specific

profile deviation and its distribution could not be controlled
in the design stage, sinusoidal displacement excitation was
used as a disturbance signal. If the car moves upward in the
vertical direction in Figure 2, the excitation signals at roller
guide shoes 1 and 2 and roller guide shoes 3 and 4 are the
same, but there is time lag or lead. .e lag or lead time is

t0 �
l1 + l2( 

υ
. (11)

If the excitations at guiding pulleys 2 and 4 are y2 �D(t)
and y4 �D′(t), respectively, the excitations at guiding pulleys
1 and 3 are y1 �D(t+ t0) and y3 �D′(t+ t0).

.e total profile deviation of the guide rail could be
characterized by a sine wave with an amplitude of A and a
wavelength of λ. .e left and right guide rails are of the same
length and include the same number of brackets, so the wave
shapes of the left and right guide rails synchronously change
but with different wave amplitudes. .e time-domain
roughness of the left and right guide rails in the horizontal
direction can be expressed as follows:

D(t) � A1 sin
2πυ
λ

t ,

D′(t) � A2 sin
2πυ
λ

t .

(12)

Usually, the length of a single guide rail is 5m, the
distance between brackets is ΔL� 2.0–2.5m, and the wave
amplitude at the horizontal position is 0.5–1.5mm. For the
corresponding time-domain frequency, the frequency of the
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excitation signal is proportional to the speed v of the elevator
and inversely proportional to the distance ΔL between
brackets.

.e excitation signal wavelength is λ� 5m, while the
distance is ΔL� 2.5m between brackets. For the amplitude,
the method to accumulate the profile deviation of the guide
rail to one side was adopted. While ω � 2πv/λ, yi (i� 1, 2, 3,
4) in the matrix Q in equation (10) can be expressed as

y1(t) � A1 sin ω t + t0(  ,

y2(t) � A1 sin(ωt),

y3(t) � y4(t) � 0.

(13)

.e excitation matrix Q of the profile deviation of the
guide rail can be obtained by substituting it in equation (10).

2.4. HsEHV Natural Frequency. .e natural frequency of a
horizontal vibration system of a high-speed elevator is de-
termined by the mass matrix and stiffness matrix of the
system, which is inherent in nature and independent of the
external excitation. For a vibration system [M]{Ẍ} + [C]
{Ẋ} + [K]{X}� {Q}, the relationship between the natural
frequency ω and the natural mode of vibration {u} is
expressed as follows:

[K] − ω2
[M]  u{ } � 0. (14)

.e characteristic equation of the vibration system is

Δ ω2
  � [K] − ω2

[M]


 � kij − ω2
mij



 � 0. (15)

.e horizontal vibration system of the high-speed el-
evator is a small damping system. In the modal analysis, the
influence of the excitation matrix and damping matrix can
be neglected (the natural frequency of the small damping
vibration system is approximate to the natural frequency of
the undamped system) [41]. By substituting the mass
matrix [M] and stiffness matrix [K] in equation (15), we
obtain

4k − mω2
n1 � 0,

2k l21 + l22(  − Jω2
n2 � 0.

⎧⎨

⎩ (16)

.e two natural frequencies of the two-degree-of-free-
dom horizontal vibration system of the high-speed elevator
are solved as

ω1 �

���

4k

m
,



ω2 �

���������

2k l21 + l22( 

J



.

(17)

3. Influencing Factors of HsEHV

.e HsEHV system is a typical second-order differential
dynamic system. Its input excitation is a time-varying signal.
According to equations (9) and (10), the design parameters
related to the horizontal vibration response of a high-speed
elevator include the massm of the car system, the moment of
inertia J, the stiffness k of the roller guide shoe, the damping
characteristic c, and the positions l1 and l2 of the guide shoes.
.e running speed v also affects the horizontal vibration
response, but it is an inherent design parameter that cannot
be changed. We utilized a KLK2 high-speed elevator from
Canny Elevator Co., Ltd., with a speed of 7m/s as an example
to analyze the influencing factors of horizontal vibration. Its
initial design parameters are listed in Table 1.

.e guide rail excitation frequency corresponding to the
KLK2 high-speed elevator is approximately 2.0Hz, which is
close to the natural frequency of the system. Humans are
sensitive to horizontal vibration in this frequency range.
.erefore, the influence of the natural frequency of the
system must be considered. By substituting the corre-
sponding data in Table 1 into equation (17), two natural
frequencies were obtained: f1 � 2.57Hz and f2 � 3.67Hz.

3.1. Influence of the Lifting Speed on HsEHV. To analyze the
influence of the lifting speed of the KLK2 high-speed ele-
vator on the horizontal vibration of the car and using the
elevator speed of v � 1m/s, 3m/s, 5m/s, and 7m/s, the
corresponding response values of the horizontal vibration of
the car were calculated, as shown in Figure 4.

From the vibration response curves in Figure 4, we can
see that the KLK2 high-speed elevator lifts faster, the fre-
quency of the horizontal vibration of the car increases, and
the peak-to-peak value of the horizontal vibration acceler-
ation of the car increases. When the lifting speed reaches
7m/s, the peak-to-peak value of the horizontal vibration
acceleration is 0.350m/s2 and affects the ride comfort of the
elevator.

3.2. Influence of the Car System on HsEHV

3.2.1. Influence of the Moment of Inertia of the Car System on
Horizontal Vibration. .e equivalent moment of inertia J of
the car system is a noncontrollable design parameter. While
other design parameters remain unchanged, the change of
the moment of inertia affects the horizontal vibration ac-
celeration of the car, as shown in Figure 5. .us, while the
moment of inertia J increases by 300% from 4000 kg·m2 to
12000 kg·m2, the corresponding peak-to-peak value of the
horizontal vibration acceleration increases by only 9.5%
from 0.343m/s2 to 0.379m/s2. .e change of the moment of
inertia J has a slight influence on the horizontal vibration
acceleration of the car.

3.2.2. Influence of the Mass and Load of the Car System on
Horizontal Vibration. Since the moment of inertia has a
little effect on horizontal vibration, the car system moment
of inertia is considered to be the same as other parameters

A

ΔL ΔL ΔL ΔL

Figure 3: Profile deviation of a high-speed elevator guide rail.
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Table 1: Initial design parameters of the KLK2 high-speed elevator.

Design parameter J m Δm k c l1 l2
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Figure 4: Influence of lifting speed on elevator horizontal vibration. (a) v � 1m/s. (b) v � 3m/s. (c) v � 5m/s. (d) v � 7m/s.
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Figure 5: Influence of moment of inertia of the car system on horizontal vibration.
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in elevator load impact analysis. While the KLK2 high-
speed elevator lifts at a rated speed of 7m/s, the excitation
frequency of the guide rail is approximately 2 Hz. .e
influence of passenger load on horizontal vibration of the
car (k = 1 × 105 N/m) is shown in Figure 6(a). It illustrates
that the passenger load has great influence on horizontal
vibration. When the car changes from no load to full load,
the horizontal vibration acceleration of the car increases
first and then decreases. When the car is fully loaded, the
vibration acceleration is equivalent to that when the car is
not loaded. According to equation (17), the first-order
natural frequency of the system is f1 = 2.57Hz. .erefore,
the resonance will not occur under no load and the car
horizontal vibration is relatively small. .e resonance will
occur when the load Δm approximately equals 1001 kg. To
avoid the interference of the resonance on the analysis of
influencing factors, the equivalent stiffness of the guide
shoe was assumed to be k = 300 N/m. .e variation of the
peak-to-peak value of the horizontal vibration acceleration
under different loads was analyzed, as shown in
Figure 6(b). It illustrates that, with an increase of the
passenger load, the peak-to-peak value of the horizontal
vibration acceleration of the car declines. .e passenger
load is a noncontrollable design parameter. To avoid
resonance under various working conditions, only the
natural frequency could be controlled. .erefore, the in-
fluence of the passenger load will not be considered in the
elevator design, and only the total mass of the car in the
no-load situation is used as the design basis.

3.3. Influence of the Guide System on HsEHV

3.3.1. Influence of the Roller Guide Shoe Dynamic Parameters
on Horizontal Vibration. .e main dynamic parameters of
the roller guide shoe include its equivalent stiffness k and
equivalent damping c. To analyze the influence of the roller
guide shoe on the horizontal vibration of the car, the other
design parameters were kept unchanged, and the response
values of the horizontal vibration were calculated with
different k values, as shown in Figure 7(a); other design
parameters (including the stiffness of the guide shoe) were
kept unchanged, and the response values of horizontal vi-
bration were obtained with different c values, as shown in
Figure 7(b).

Figure 7 shows that, under the same initial conditions,
the greater the equivalent stiffness of the roller guide shoe
the larger the peak-to-peak value of the horizontal vi-
bration acceleration of the car and the larger the equivalent
damping of the roller guide shoe, the smaller the peak-to-
peak value of the horizontal vibration acceleration of the
car. .erefore, the roller guide shoe with a smaller
equivalent stiffness and a larger equivalent damping is
beneficial for reducing HsEHV.

3.3.2. Influence of the Guide Shoe Position on Horizontal
Vibration. From equation (10) and regarding the matrix
expressions of the horizontal vibration system, it can be
observed that the position parameters l1 and l2 of the upper

and lower guide shoes have an influence on the stiffness
matrix K, damping matrix C, and excitation matrix Q of the
horizontal vibration system. L� l1 + l2, where is the distance
between the upper and lower roller guide shoes which can be
measured. Keeping the other design parameters unchanged,
the distance L between the roller guide shoes was taken as
6.3m–6.7m for the numerical analysis. .e results are
shown in Figure 8.

Figure 8 shows that the position of the roller guide shoe
has a great influence on the horizontal vibration acceleration
of a high-speed elevator. With the increase of the distance L
between the upper and lower roller guide shoes, the peak-to-
peak value of the horizontal vibration acceleration of the car
shows a downward trend.

4. Design Parameter Optimization Modeling

4.1. Optimization Variables and Objectives. Section 2 of this
paper shows that the car system has little influence on the
horizontal vibration of a high-speed elevator and its guide
system has a great influence on HsEHV. .e equivalent
stiffness of the guide shoe, the equivalent damping of the
guide shoe, and the distance between the roller guide shoes
are design parameters that have a great influence. Taking k, c,
and L as the design parameters that need to be optimized for
vibration reduction and mass m and moment of inertia J as
deterministic design parameters, the design space of the
optimized horizontal vibration reduction for the high-speed
elevator is expressed as follows:

X � x1, x2, x3  � [k, c, L]. (18)

According to equation (17), the first two natural fre-
quencies of the HsEHV can be calculated. .e excitation
source of elevator car horizontal vibration is usually low
frequency. .erefore, the selection of relevant parameters
should make the system’s natural frequency far away from
the human body’s most-sensitive horizontal-vibration low-
frequency band of 1-2Hz [2]. To prevent resonance, the
natural frequency of the system should be far away from the
frequency band of 1-2Hz. .e vibration acceleration is a
main index affecting the ride comfort. .e peak-to-peak
value of the horizontal vibration acceleration of the car is
used as an evaluation index of vibration performance of the
high-speed elevator. According to the international standard
for elevator comfort, the horizontal vibration acceleration of
the car is less than 25 cm/s2 [42]. .erefore, for the high-
speed elevator, the optimization objective of the horizontal
vibration reduction should be as follows:

(1) Peak-to-peak value of the horizontal vibration ac-
celeration is minimized

(2) Natural frequency of the system is maximized, or its
opposite number is minimized

.e optimization objective function of the design pa-
rameters for HsEHV reduction can be described as

min d1, d2, d3 , (19)
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Figure 6: Influence of passenger load on horizontal vibration of the car. (a) k� 1× 05N/m. (b) k� 300N/m.
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where

d1 � f(X), X � x1, x2, x3 ,

d2 � −
1
2π

���
4x1

m



,

d3 � −
1
2π

����������������

2x1 l22 + x3 − l2( 
2

 

J



.

(20)

4.2. Optimization Boundary Restrictions. As shown in Fig-
ure 1, the roller guide shoes on the upper part of the car are
installed through the car cross-head, which is installed
through the upright of the car frame. If the cross-headmoves
down, the distance L between the guide shoes decreases..is
is limited by the installation position on the inspection
platform of the car roof; L has a lower limit of Lmin. If the
cross-head moves up, the distance L between the guide shoes
increases, and the material cost increases for a longer car
frame upright so that L has an upper limit of Lmax. .e
constraints of the distance L between the guide shoes can be
expressed as Lmin≤ L≤ Lmax. .e equivalent stiffness k and
equivalent damping c of the guide shoe also set the upper
and lower limits according to the design requirements:
kmin≤ k≤ kmax and cmin≤ c≤ cmax.

.e natural frequency must be far away from the fre-
quency band of 1-2Hz, so its constraints are set as follows
(where Δm is the full load of the elevator):

1
2π

�������
4x1

m + Δm



> 2,

1
2π

����������������

2x1 l22 + x3 − l2( 
2

 

J



> 2.

(21)

In summary, the optimization model of the design pa-
rameters for HsEHV reduction should be

min d1, d2, d3 ,

s.t. ximin ≤xi ≤ximax, i � 1, 2, 3, xi ∈ X,

1
2π

�������
4x1

m + Δm



> 2

1
2π

����������������

2x1 l22 + x3 − l2( 
2

 

J



> 2.

(22)

For the KLK2 high-speed elevator, the design parameters
were substituted to obtain the optimization model of hor-
izontal vibration reduction, as shown in equation (23). .e
expression of the objective function f(x) is unknown, and the
expressions of g(x) and h(x) are known.

min d1, d2, d3 ,

s.t. x1 ∈ [200, 500],

x2 ∈ [500, 5000],

x3 ∈ [6.4, 6.7]

1
2π

�������
4x1

m + Δm



> 2,

1
2π

����������������

2x1 l22 + x3 − l2( 
2

 

J



> 2,

(23)

where d1 � f(x1, x2, x3), d2 � g(x1, x2, x3), andd3 � h

(x1, x2, x3).

4.3. Response Surface Model. .ere are three objective
functions in the optimization model of the design param-
eters for HsEHV reduction, where d2 and d3 have definite
function expressions. However, for each set of definite de-
sign parameters X, it is difficult to obtain the definite
function expression of d1. A surrogate model of the objective
function d1 can be determined by fitting a set of sample
points and corresponding output response values.

4.3.1. Latin Hypercube Sampling for Design Parameters.
.e common sampling methods are importance sampling
(IS), adaptive sampling (AS), direction sampling (DS), and
Latin hypercube sampling (LHS). IS is one of the classic
sampling methods for increasing the efficiency of the Monte
Carlo algorithms, which is mainly used to solve the variance
reduction problems [43]. AS is proposed to adapt the IS
density to the specific problem, which is, after all, a local
density-increased sampling method [44]. DS is developed as
a dynamically chosen direction sampling method, which is
limited to continuous distributions [45]. In the vibration-
related design parameter optimization case, the values of the
design parameters need to be distributed as randomly as
possible in the respective sample space. LHS can effectively
fill the design space to obtain higher accuracy with fewer
samples. .is sampling is widely used in large design space
sampling. So it is chosen for sampling the vibration-related
design parameters. If the dimension of a design space is N
and sample number is M for the horizontal vibration re-
duction optimization of a KLK2 high-speed elevator, then
N� 3 and M� 30. .at is, 30 random samples were gen-
erated for the sampling space X� [x1, x2, x3]. For random
samples from the LHS method, the response values of the
horizontal vibration acceleration were calculated by precise
integration [46,47], as listed in Table 2.
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4.3.2. Response Surface Model Construction Based on LHS

(1) Improvement of the Response Surface Model Based on the
Radial Basis Function. .e response surface model is a
simple and effective approximate surrogate model. It is
constructed by fitting an unknown function with a poly-
nomial function. .e general form of the polynomial
function is

f(x) � η0 + 
n

i�1
η1xi + 

n

i�1
η1x

2
i + · · · + 

n

i�1
ηmx

m
i

+ 
n

j<k,1�1∼m

ηjkx
l
jx

m− l
k .

(24)

In solving the coefficients of the response surface
function, the least-square method is the most commonly
used fitting method to obtain undetermined coefficients
with the maximum likelihood estimation method. .e
fitting precision of an approximate model can be improved
by using the radial basis function interpolation method to
modify the model by interpolating the residual of the
response surface model. For a real model f(x), the radial
basis function approximation model can be expressed as
follows[48]:

f(x) � 
n

i�1
ωiψ x − xi

����
����  � ωTψ, (25)

where ωi is the weight coefficient of the i-th sample point xi,
ω � (ω1,ω2, . . . ,ωn)T, ψ(‖x − xi‖) is the basis function,
ψ � (ψ(‖x − x1‖),ψ(‖x − x2‖), . . . ,ψ(‖x − xn‖)), and
‖x − xi‖ are a variable of the basis function used to represent
the Euclidean norm between the known sample point xi and
the unknown test point x.

.e commonly used basis functions include the
Gaussian function, the polynomial function, and the linear
function. In this paper, the Gaussian function was chosen as
the basis function for the following reasons: (a) it is radial
symmetry of the center point; (b) the curve is smooth, and at
any point on the curve, there are all derivatives of any order;
(c) the function expression is simple and can be used in a
multi-input-multioutput system; and (d) it can be easily
calculated. .e Gaussian function can be expressed as
follows:

ψ(r) � exp −
r3

2σ2
 . (26)

Assuming that there are N sample sets and corre-
sponding values of residual functions f(xi) and substituting
interpolation conditions f(xi) � f(xi) in equation (26), we
can obtain



n

i�1
ωiψ x1 − xi

����
����  � f x1( ,



n

i�1
ωiψ x2 − xi

����
����  � f x2( ,

⋮



n

i�1
ωiψ xn − xi

����
����  � f xn( .

(27)

In equation (27), there are n unknown variables ωi (i� 1,
2, . . ., n) and n equations so that the unknown variables, i.e.,
undetermined coefficients, can be determined. .en, an
approximate model of the residual term can be obtained by
substituting them in equation (27).

(2) Steps for Response Surface Modeling of the Optimization
Objective Function Based on LHS. Based on LHS, a response
surface model of the optimization objective function of
horizontal vibration reduction (the peak-to-peak value of
horizontal vibration acceleration) of a high-speed elevator
should be constructed as follows:

Step 1: LHS is used to optimize HsEHV reduction, and
random samples of the design parameters X� [x1, x2,
x3] are taken.
Step 2: precise integration is used to calculate the re-
sponse values of HsEHV for random samples X� [x1,
x2, x3]� [k, c, L].
Step 3: according to equations (23) and (26), an approx-
imate response surfacemodel of the optimization objective
function of horizontal vibration reduction d1� f(x) is built.

Table 2: LHS and its response values of the design parameters of
the KLK2 high-speed elevator.

No. x1 x2 x3 d1 d2 d3
1 360.9 1494 6.432 0.503 − 4.88 − 6.91
2 346.6 4952 6.570 0.268 − 4.78 − 6.90
3 487.4 3031 6.457 0.404 − 5.67 − 8.06
4 321.2 3527 6.503 0.318 − 4.60 − 6.58
5 454.3 3710 6.649 0.311 − 5.48 − 7.98
6 279.4 1853 6.478 0.383 − 4.29 − 6.12
7 239.2 637 6.687 0.357 − 3.97 − 5.92
8 226.4 4346 6.596 0.219 − 3.87 − 5.59
9 434.3 1107 6.673 0.452 − 5.35 − 7.83
10 335.9 2489 6.485 0.391 − 4.71 − 6.72
11 255.1 4205 6.665 0.223 − 4.10 − 5.99
12 445.6 4421 6.624 0.294 − 5.42 − 7.88
13 370.7 3448 6.619 0.327 − 4.95 − 7.18
14 406.2 2255 6.653 0.388 − 5.18 − 7.55
15 391.7 2081 6.563 0.435 − 5.08 − 7.32
16 423.0 3297 6.521 0.384 − 5.28 − 7.57
17 265.3 3845 6.441 0.295 − 4.18 − 5.93
18 244.6 765 6.559 0.403 − 4.02 − 5.79
19 307.7 1285 6.517 0.410 − 4.51 − 6.46
20 290.0 3071 6.542 0.306 − 4.38 − 6.29
21 494.4 4799 6.411 0.335 − 5.71 − 8.07
22 386.0 2715 6.460 0.429 − 5.05 − 7.18
23 413.5 4601 6.588 0.300 − 5.22 − 7.55
24 353.7 1076 6.499 0.505 − 4.83 − 6.90
25 286.3 3994 6.635 0.246 − 4.35 − 6.32
26 477.3 862 6.425 0.584 − 5.61 − 7.94
27 314.2 2392 6.605 0.334 − 4.55 − 6.60
28 203.1 1662 6.533 0.296 − 3.66 − 5.26
29 465.0 1849 6.693 0.377 − 5.54 − 8.12
30 217.9 2765 6.405 0.299 − 3.79 − 5.35
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Step 4: the determination coefficient R2 (as an in-
spection standard) is used to test the accuracy of the
model. .e closer the value of R2 to 1, the higher the
accuracy of the model. R2 is shown in the following
equation, where n is the sample size, yi is the real re-
sponse value of a sample point, yi is the fitting value of
the corresponding sample point for the model, y is the
average of the sample response values, and R is the
correlation coefficient (0≤R≤ 1):

R
2

� 1


n
i�1 yi − yi( 

2


n
i− 1 yi − y( 

2 . (28)

Step 5: it is judged whether the response surface model
of d1 � f(x) can satisfy the accuracy requirement
according to the determination coefficient R2. If the
accuracy requirement is met, the model is used as a
surrogate model and Step 7 is executed.
Step 6: the RBF interpolation method is used to correct
the residual term of the model. .en, test samples are
generated to ensure its accuracy, and the control is then
returned to Step 4.
Step 7: a model of the RBF response surface is con-
structed based on LHS.

(3) A Response Surface Model of the Optimization Objective
Function of the Horizontal Vibration Reduction of a KLK2
High-Speed Elevator. A total of 30 random sample points in
Table 2 were used to construct the response surface model.
Another 10 random sample points were generated for the
accuracy test. .e model of the optimization objective
function (the peak-to-peak value of the horizontal vibration
acceleration) of the horizontal vibration reduction of a KLK2
high-speed elevator is shown as

d1 � f(X) � − 2.4532 × 10− 16
x
2
1 + 6.1802 × 10− 9

x
2
2

+ 0.1149x
2
3 − 6.7550 × 10− 8

x1x2 − 5.7386

× 10− 4
x1x3 + 4.3632 × 10− 5

x2x3 + 6.1695

× 10− 3
x1 − 6.1694 × 10− 4

x2 − 1.7542x3 + 6.5734 + R(X).

(29)

.e variables X� [x1, x2, x3]T � [k, c, L]T and residual
term R(X) can be expressed as equation (30) by the Gaussian
radial basis function, and by solving equation (27), the
weight coefficient λi is obtained.

R(X) � 

n

j�1
λj · exp −

1
2

k − kj 
2

+ c − cj 
2

+ α − αj 
2

  .

(30)

.e correlation coefficient R� 0.9903 and determination
coefficient R2 � 0.9930 of the model of the optimization
objective function of the horizontal vibration reduction of a
KLK2 high-speed elevator were obtained by calculating the
test samples. .e response of the surface model had high
accuracy. .e model was used as a surrogate of the actual
model, and there was no need for modification of the

residual term R(X) using the RBF interpolation. .erefore,
the model of the optimization objective function of the
horizontal vibration reduction of a KLK2 high-speed ele-
vator can be expressed as follows:
d1 � f(X) � − 2.4532 × 10− 6

x
2
1 + 6.1802 × 10− 9

x
2
2

+ 0.1149x
2
3 − 6.7550 × 10− 8

x1x2 − 5.7386 × 10− 4
x1x3

+ 4.3632 × 10− 5
x2x3 + 6.1695 × 10− 3

x1 − 6.1694

× 10− 4
x2 − 1.7542x3 + 6.5734,

(31)

where X � (x1, x2, x3)
T � (k, c, L)T.

In order to more intuitively show the relationship be-
tween the objective function and each design variable, for the
vibration acceleration target, the combination of different
design variables shows the objective function value predicted
by the approximate model, as shown in Figure 9. It shows
that there is a highly nonlinear relationship between design
variables and target response, which means the response
surface model can well fit the relationship between three
design variables and the objective function. As for the large
number of variable problems, the more complex surrogate
models can be utilized.

5. Design Parameter Optimization Method

5.1. Optimization Process. A multiple-objective genetic al-
gorithm (MOGA) simulates the process of biological evo-
lution. A population could, in one optimization process,
produce a large number of noninferior solutions, which can
be applied to multiobjective optimization problems to ob-
tain a Pareto optimal solution set. .e response surface
model of the optimization objective function of HsEHV
reduction can be solved using the MOGA to obtain the
Pareto optimal solution set of the multiobjective optimi-
zation problem. .e optimal solution is then selected as a
result of the vibration reduction optimization according to
the requirements for vibration performance of the high-
speed elevator. .e process chart to obtain an optimal so-
lution of the design parameters for HsEHV reduction based
on the MOGA is shown in Figure 10.

5.2. Optimization Correlation Analysis. .e initial design
parameters of the KLK2 high-speed elevator were m� 1535,
J� 8090, l1 � 2.8, and l2 � 3.7. .ere was an approximate
linear relationship between optimization objectives d2 and
d3. As shown in Figure 11, the approximate linear rela-
tionship between them can be expressed as follows:

d3 � p1 · d2 + p2, (32)

where p1 � 1.431 and p2 � − 0.0423, and R2 is calculated to be
0.9896.

According to equation (32) and as long as the objective
d2 is satisfied, the objective d3 can also be satisfied..erefore,
the optimization objective of the horizontal vibration re-
duction of a KLK2 high-speed elevator equates to d1 and d2.
.erefore, the model of the optimization objective of the
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horizontal vibration reduction of a KLK2 high-speed ele-
vator expressed by equation (31) was modified to

min d1, d2( ,

s.t. 200≤x1 ≤ 500

500≤x2 ≤ 5000

6.4≤x3 ≤ 6.7,

(33)

where

d1 � − 2.4532 × 10− 6
x
2
1 + 6.1802 × 10− 9

x
2
2 + 0.1149x

2
3

− 6.7550 × 10− 8
x1x2 − 5.7386 × 10− 4

x1x3 + 4.3632

× 10− 5
x2x3 + 6.1695 × 10− 3

x1 − 6.1694 × 10− 4
x2

− 1.7542x3 + 6.5734,

d2 � −
1
2π

����
4x1

1535



.

(34)

.e MOGA was used to solve the above equation. We
selected the initial population as 100, the iteration as 500, the
crossover probability as 0.8, and the mutation probability as
0.2 and obtained the Pareto optimal front, as shown in
Figure 12. Its horizontal and vertical coordinates represent
two optimization objective functions, i.e., the peak-to-peak
value of the horizontal vibration acceleration and the op-
posite number of the first-order natural frequency of the
system.

Every point in Figure 12 represents a set of Pareto
noninferior solutions. .e rightmost noninferior solu-
tion has the optimal natural frequency index in all so-
lutions, but its peak-to-peak value of the horizontal
vibration acceleration is larger. .e peak-to-peak value of
the horizontal vibration acceleration of the uppermost
noninferior solution is the best in all solutions, but the
natural frequency is not satisfactory. .erefore, non-
inferior solutions need to be selected according to dif-
ferent design requirements.
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Figure 9: Response surface of design parameters and HsEHV acceleration peak and peak.
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5.3. Optimal Solution Selection. Noninferior solutions cor-
responding to optimization objectives d1 and d2 have dif-
ferent dimensions and units, and so the original data need to

be standardized for comparison and evaluation. A min-max
standardized method was used for normalization processing
of the data. In the following equation, ui and vi are the i-th

Response surface model of optimization
objective function of horizontal vibration

reduction of high-speed elevator

Calculate objective function value of
every point in response surface model

Generate an initial population
randomly as a parent population

Ranking and fitness grading of individuals
in parent population

Selection, crossover, and mutation
of parent population

Does it reach
hereditary algebra ?

Pareto solution set of design
parameter optimization for

horizontal vibration reduction

Pare to frontier evaluation

Start

Use min-max standardized method
for normalization processing of non

inferior solutions

Calculate comprehensive evaluation
value of noninferior solutions

Is comprehensive evaluation
value the smallest ?

Optimal design value for horizontal
vibration reduction of high-speed

elevator

End

Pareto noninferior solutions of
design parameter optimization for

horizontal vibration reduction

Yes

No

YesNo

Yes

No

Figure 10: Process chart to obtain an optimal solution of the design parameters for HsEHV reduction based on the MOGA.
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Figure 11: Approximate linear relationship between optimization objectives d2 and d3.
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noninferior solution of d1 and d2, umin and vmin are the
smallest noninferior solution of d1 and d2, umax and vmax are
the largest noninferior solution of d1 and d2, and ui

′ and vi
′ are

the standardized value of the i-th noninferior solution of d1
and d2, respectively, and 0≤ ui

′ ≤ 1 and 0≤ vi
′ ≤ 1:

u′i �
ui − umin

umax − umin
,

v′i �
vi − vmin

vmax − vmin
.

(35)

ui and vi were multiplied by weighted coefficients λ and
1 – λ, respectively (0＜ λ＜ 1), to obtain the comprehensive
evaluation value μi:

μi � λ · ui
′ +(1 − λ) · vi

′ . (36)

.e optimization objective d1 is the peak-to-peak value
of the horizontal vibration acceleration, and the optimiza-
tion objective d2 is the opposite number of the first-order
natural frequency of the system. Because the horizontal
vibration acceleration has a great influence on the ride
comfort, we can use λ� 0.6. After normalization, a com-
prehensive evaluation value and distribution of the non-
inferior solutions were obtained, as shown in Figure 13.

According to the principle of minimum optimum se-
lection of the comprehensive evaluation value, μ31 � 0.400
was selected as an optimal point for the design parameters.
.e design parameters corresponding to this point and an
optimal design value of the vibration reduction are as
follows:

X
T

� x1, x2, x3(  � (k, c, L) � (228.84, 4754.9, 6.7),

Y
T

� d1, d2(  � (0.184, − 3.89).
(37)

.e vibration performance evaluation indexes of a KLK2
high-speed elevator before and after horizontal vibration
reduction optimization are compared in Table 3. .e peak-
to-peak value of the horizontal vibration acceleration de-
creased by approximately 50% from 0.350m/s2 to 0.184m/
s2. As a result, the ride comfort of the high-speed elevator

was greatly improved. .e first-order natural frequency of
the system was 3.77Hz and the second-order natural fre-
quency was 5.70Hz, which both deviated from the frequency
band of 1-2Hz that is the most sensitive frequency band of
humans to horizontal vibration. .erefore, the possibility of
resonance was reduced.

6. Verification with a KLK2 High-
Speed Elevator

6.1. Numerical Simulation Verification. An optimization
objective function of vibration reduction of a KLK2 high-
speed elevator was an approximate model, and its optimized
results need to be verified using a numerical calculation. For
design parameters XT � [x1, x2, x3]� [k, c, L]� (228.8, 4755,
6.7), a precise integration method was used to calculate the
numerical solution as follows: YT � (ay, f1, f2)� (0.179, 3.75,
5.70). In addition, the numerical solution curve of the
horizontal vibration response is shown in Figure 14.

For the influence of the passenger load on the horizontal
vibration of the KLK2 high-speed elevator after vibration
reduction optimization, the results of the numerical cal-
culation are shown in Table 4.

Figure 14 shows that the numerical solution of the peak-
to-peak value of horizontal vibration acceleration (0.179m/s2)
is highly consistent with the response value (0.184m/s2) ob-
tained by fitting the approximate model defined by equation
(37) (with a difference of only 2.7%). Table 4 shows that the
passenger load has little influence on the peak-to-peak value of
the horizontal vibration acceleration of the high-speed ele-
vator, and the natural frequency of the system still keeps
enoughmargin for the excitation frequency under the full-load
condition. Using a numerical calculation, it was verified that
both the response surface model and the optimization method
of design parameters for the horizontal vibration reduction of
a KLK2 high-speed elevator were effective.

According to the results obtained above, the discussion
of the effectiveness of the proposed optimization method is
presented by comparing with two other typical multi-
objective algorithms (NSGA-II [49] and IP-MOEA [50]). To
compare the performance of the three algorithms in a fair
way, the same parameters are set in all three algorithms: we
selected the initial population as 100, the iteration as 500, the
crossover probability as 0.8, and the mutation probability as
0.2. To measure the algorithmic performance, the hyper-
volume index (H(N)), the distribution degree (D(x)), and the
computing time (T(x)) (Limbourg et al. [50]) are calculated.
.e hypervolume index is calculated as

H(N) ≔ Λ ∪
f(x)∈N

x|f xref( ≻y≻f(x)  , (38)

where N is a standard nondominant set, xref represents the
reference point, Λ(·) is the Lebesgue measurement, and ≻
represents the Pareto dominant relationship. .e hyper-
volume index can not only reflect the degree of approxi-
mation of the Pareto front and the real Pareto front but also
characterize the distribution of the Pareto front. .e larger
the hypervolume index is, the closer the front of the method
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Figure 12: Pareto optimal front.
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to the Pareto front is, and also the better the distribution of
the front points is. In addition, generational distance (GD)
can further quantify the degree of approximation, which can
be calculated as

GD �

������



NK

i�1

r2i
NK




, (39)

where NK denotes the solution numbers in the Pareto front
and ri denotes the shortest distance between the i-th ob-
tained Pareto solution and the Pareto front. GD reflects the

degree to which the Pareto solution obtained by the algo-
rithm approximates the real Pareto solution. .e smaller the
GD is, the closer the Pareto solution to the real Pareto
solution is and the higher the accuracy of the algorithm is.
.ese quantities are recorded when the vibration optimi-
zation problem is solved using the three algorithms (NSGA-
II, IP-MOEA, and MOGA). .e hypervolume indexes of
three algorithms are shown in Figure 15, in which one H(N)
value is taken every 10 generations. .e figure illustrates the
following: (a) With the increase of evolutionary generations,
the performance of the Pareto optimal solution set obtained
by the three methods increases. .e Pareto front of the
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Figure 13: Comprehensive evaluation value and distribution of Pareto noninferior solutions.

Table 3: Comparison of the various indexes before and after optimization of horizontal vibration reduction.

Items to be compared Peak-to-peak value of the horizontal
vibration acceleration (m/s2)

.e first-order natural
frequency (Hz)

.e second-order natural
frequency (Hz)

Before the optimization of
vibration reduction 0.350 2.57 3.67

After the optimization of
vibration reduction 0.184 3.77 5.70
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Figure 14: Horizontal vibration response curve after vibration reduction optimization.
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Table 4: Influence of the passenger load on horizontal vibration after vibration reduction optimization.
Passenger load (kg) 0 400 800 1200 1600
Peak-to-peak value of the horizontal vibration acceleration (m/s2) 0.178 0.174 0.185 0.177 0.183
.e first-order natural frequency (Hz) 3.77 3.46 3.15 2.91 2.72
.e second-order natural frequency (Hz) 5.70 5.70 5.70 5.70 5.70

IP-MOEA
NSGA-II
Proposed method

50 100 150 200 250 300 350 400 450 5001
Generation

6

8

10

12

14

16

18

20

H
 (N

)

Figure 15: Hypervolumes of three algorithms (median).

Table 5: Average GD and computing time of 10 tests.

GD Computing time (s)
NSGA-II 1.021 5.14
IP-MOEA 3.244 5.77
MOGA 1.543 3.25

(a) (b) (c)

Figure 16: Horizontal vibration performance test of the KLK2 high-speed elevator prototype. (a) Elevator experimental tower. (b) PMT
EVA-625. (c) Test site.
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solution synchronously gets closer to the real Pareto front.
(b) For the same evolution generation,H(N) of the algorithm
used in this paper is obviously larger than H(N) of IP-
MOEA. (c) In contrast, H(N) of the algorithm used in this
paper is close to that of NSGA-II in every evolution gen-
eration. To reduce the experimental error, the test was
performed 10 times. .e average GD and the computing
time of 10 tests after 500 iterations are shown in Table 5. .e
algorithms’ performance and time consumption are com-
prehensively taken into account, and the algorithm used in

this paper is suitable for solving the HsEHV design pa-
rameter optimization problem.

6.2. Experiment Verification. Canny Elevator Co., Ltd., has
adopted the method described in this paper in researching
and developing its KLK2 high-speed elevator for horizontal
vibration reduction optimization. To verify the horizontal
vibration damping effect, a prototype of the KLK2 high-
speed elevator was tested in an experimental elevator tower
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of the Canny company. Figure 16(a) shows the elevator
experimental tower, Figure 16(b) shows an EVA-625 ele-
vator vibration analysis system of PMT (Physical Mea-
surement Technologies, Inc.) [51], and Figure 16(c) shows
the actual test site.

EVA-625 was placed on the floor of the car of the pro-
totype. .e running data of the KLK2 high-speed elevator
prototype measured by EVA-625 included elevator lift speed
(m/s) in the vertical direction and vibration acceleration (m/s2)
in the X, Y, and Z directions, as shown in Figure 17.

.e vibration acceleration curve in the Y direction (i.e.,
horizontal direction) in Figure 15 was locally magnified, as
shown in Figure 18.

.e time-domain curve of the horizontal vibration ac-
celeration of a KLK2 high-speed elevator prototype recorded
by EVA-625 is shown in Figures 15 and 16. As the prototype
gradually lifts faster, the horizontal vibration showed an
increasing trend with its maximum value while the proto-
type ran at its rated speed of v � 7m/s. At that time, the peak-
to-peak value of the horizontal vibration acceleration of the
car was max Pk/Pk � 0.194m/s2 and A95 � 0.122m/s2, which
was 44.6% lower than the peak-to-peak value of the hori-
zontal vibration acceleration max Pk/Pk � 0.350m/s2 before
optimization of the vibration reduction in Figure 4(d) of this
paper. Both peak-to-peak values of horizontal vibration
acceleration and the A95 value of the prototype met relevant
standards of ISO/TC178 [42]; the maximum difference was
approximately 10% compared with the peak-to-peak value
of the horizontal vibration acceleration obtained by nu-
merical simulation in Table 4. Considering that the nu-
merical simulation was conducted under simplified and
ideal conditions and installation and measurement of the
KLK2 high-speed elevator prototype caused certain errors,
the results are within an acceptable range. .erefore, the
optimization method of the design parameters for HsEHV
reduction that is proposed in this paper was verified in
prototype testing.

7. Conclusion

To improve the running stability and ride comfort of a high-
speed elevator, we analyzed the influencing factors of
HsEHV and proposed an optimization method of the design
parameters for HsEHV reduction. .e main technical
characteristics of this paper are as follows:

(1) A dynamic equation of HsEHV was obtained.
According to the sinusoidal signal characteristic of
horizontal vibration excitation, an excitation matrix
of the profile deviation of the guide rails was con-
structed. With a KLK2 high-speed elevator of Canny
Elevator Co., Ltd., as an example, the influencing
factors of horizontal vibration were analyzed. .e
results show that the design parameters of the car
system have little influence on HsEHV, while the
design parameters of the guide system have a great
influence on HsEHV.

(2) An optimization model of the design parameters for
HsEHV reduction was built. .e response surface

model of the optimization objective function of
horizontal vibration reduction (the peak-to-peak
value of horizontal vibration acceleration) was
established using LHS. .e optimization model of
the design parameters for HsEHV reduction was
solved using a genetic algorithm, and its optimal
solution set of vibration reduction was selected using
a min-max standardization method to realize the
optimization of the design parameters for HsEHV
reduction.

(3) .e design parameters of a KLK2 high-speed ele-
vator were optimized for horizontal vibration re-
duction, and the results were verified by numerical
calculation and prototype testing. .e numerical
results indicate that the numerical solution of the
peak-to-peak value of horizontal vibration acceler-
ation was highly consistent with the response value
of the model of optimization objective function of
horizontal vibration reduction. .e peak-to-peak
value of horizontal vibration acceleration max Pk/
Pk � 0.194m/s2 of the prototype was obtained by
testing with a maximum difference of approximately
10% with a peak-to-peak value of horizontal vibra-
tion acceleration from numerical simulation, which
met relevant technical standards of ISO/TC178.
.erefore, the optimization method of the design
parameters for HsEHV reduction was verified.

Nomenclature

c: Equivalent damping of the guide shoe (N·s/m)
J: Moment of inertia of the car (kg·m2)
K: Equivalent stiffness of the guide shoe (N/m)
l1: Distance between the car system mass center and the

upper guide shoe (m)
l2: Distance between the car system mass center and the

lower guide shoe (m)
m: Mass of the car system (kg)
Δm: Rated load of the car (kg)
V: Vertical velocity of the elevator (m/s)
Y: Horizontal displacement of the car (positive in the

right direction) (mm)
θ: Angular displacement around the centroid (positive

for counterclockwise) (rad).
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