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Abstract. This paper aims to study the horizontal vibration dynamic characteristics of high-speed elevator by
considering the combined effect of airflow and guiding system. The relationships of lateral force and overturning
moment with horizontal displacement, deflection angle displacement and rated speed of the car are
mathematically solved, and the horizontal vibration dynamic model of the car under the two excitations is
established. For case model, the natural frequency and horizontal vibration response of the car are studied, and
the guide-rail excitation frequency and car natural frequency are compared and analyzed. The results indicate
that the higher the rated speed is, the more obvious the resonance phenomenon between the guide-rail and car
will be in a certain range; the effect of airflow on horizontal vibration acceleration of the car with a speed lower
than 6m/s is small, but when the speed is over 6m/s, the airflow will greatly affect the single-peak value of
horizontal vibration acceleration, which is approximately a quadratic relationship; the deflection angle
displacement has an increasing influence on horizontal vibration dynamic response with the increasing speed.
The conclusions provide a theoretical guidance for the research and control on the horizontal vibration of high-
speed elevator.
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1 Introduction

The high-rise and super high-rise buildings are constantly
emerging, making the high-speed and large-travel become
the inevitable trend of the development of the elevator.
With the increase of elevator speed, the resulting
horizontal vibration is becoming more and more intense,
which has become an important factor affecting the ride
comfort of the elevator [1]. The related literatures indicate
that the response value of the horizontal vibration
acceleration of the elevator is directly proportional to its
running speed [2]. In addition, when the high-speed
elevator is running at a high speed, the rapid compression
of the airflow in the hoistway will cause strong transient
pressure shock and tunnel inverse aerodynamic effect,
which will further aggravate the horizontal vibration
response. Strong horizontal vibration will not only reduce
the lifespan of elevator, but also have a serious impact on its
operation safety [3], which restrict the rapid development
hangruijun@sdjzu.edu.cn
of the high-speed elevator. Therefore, it is very important
to study the horizontal vibration characteristics of the
elevator at high speed.

As a complex electromechanical system, the high-speed
elevator has many causes for its horizontal vibration. Under
normal conditions, the main causes of the horizontal
vibration canbe attributed to two types: the airflowpressure
disturbance and the guiding system excitation [4]. The
guiding system ismainly composed of the guide-rails and the
guide-shoes, and the excitation generated by the guiding
system mainly depends on the time-varying stiffness of the
guide-rail (the periodic variation of the bending stiffness of
the guide-rail in its height direction), the profile deviation
and the installation error. Taking the rail unevenness as
horizontal displacement excitation, Xia et al. [5] established
a horizontal vibration model of the elevator car by
considering the variation of real-time interfacial stiffness
between the guide-rail and the guide-wheel, and studied the
horizontal vibration characteristics of the elevator car.
Transforming the factors suchas rail roughness, railbending,
guide-shoe defect and so on to the contact force of the
guide-rail to the guide-shoe and considering the excitation at
rail joints, Yin et al. [6] studied the horizontal vibration
dynamic characteristics of themulti-degree of freedomof the
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high-speed elevator. Mei et al. [7] fitted the irregularity
excitation between the guide-roller and the guide-rail by
considering the rail profile deviationand the roller roundness
tolerance, and solved thehorizontal vibration responseof the
high-speed traction elevator by using the numerical analysis
method finally. Utsunomiya et al. [8] analyzed the vibration
spectrum of the guide-rail, which indicated that the
disturbance of the rail mainly concentrated in the low-
frequencyareas, and therewasamaindisturbance frequency
which was directly proportional to the running speed of the
elevator and inversely proportional to the guide-rail length.
Colón et al. [9] usedKarhunen LoèVE and polynomial chaos
method to study the dynamic characteristics and control of
the horizontal vibration of elevator car caused by rail
irregularity through the establishment of the irregular
stochastic model of the rail profile.

The continuous improvement of elevator running speed
will cause many complicated aerodynamic problems when
the high-speed elevator car is running in the long hoistway.
Therefore, the aerodynamic characteristics of high-speed
and ultra-high-speed elevator have attracted wide atten-
tion from scholars at home and abroad in recent years, and
they mainly focused on the test bench simulation experi-
ments and numerical simulations. Based on the dimen-
sionless analysis of parameters affecting the tunnel effect of
high-speed elevator, Duan et al. [10] designed and
constructed a simplified experimental equipment for
aerodynamic characteristics of high-speed elevator, and
then carried out the experimental simulations under
different elevator conditions such as different blockage
ratios and reserved ratios. Bai et al. [11] built a physical
experiment model in a certain proportion to study the
aerodynamic characteristics of super high-speed elevator,
measured the instantaneous speed of a falling elevator car
at five distinct positions as well as the average pressure in
front of and behind the car along the hoistway, and finally
introduced a new concept of “tunnel effected shape drag”.
Wang et al. [12] simulated the three-dimensional turbulent
flow of high-speed elevator using the static uncompressible
Navier-Stokes equations, studied the aerodynamic char-
acteristics of elevators with different blockage ratios, and
obtained the conclusion that pressure and drag forces of the
high-speed elevator are positively related to the blocking
ratio. In order to optimize the aerodynamic characteristics
of high-speed elevator and find a reasonable flow-guiding
cover for the elevator car, Li et al. [13] simulated and
optimized a high-speed elevator with loading capacity of
1000 kg and speed of 6m/s by CFD. Shi et al. [14]
conducted dynamic simulations of high-speed elevator
using two-dimensional model, and studied the transient
changes of the aerodynamic forces acting on the car before
and after the interlacing of counterweight and elevator car.
Chen et al. [15] compared and analyzed the models of 2D-
hoistway, 3D-hoistway and 3D-hoistway with landing sill
through ANSYS, and studied the aerodynamic character-
istics of the hoistway flow field finally.

Although the above studies of the effects of airflow
pressure disturbance and guiding system excitation on
horizontal vibration characteristics of high-speed elevator
have taken substantive results, the aerodynamic character-
istics of hoistway flow field and mechanical characteristics
of the car under this effect are mainly concentrated when
studying the influence of the airflow pressure, few scholars
applied the airflow influence to study the dynamic
characteristics of elevator horizontal vibration, and they
took little consideration of the combined effect of airflow
pressure disturbance and guiding system excitation. In
addition, due to the limitation of computational con-
ditions, the two-dimensional physical model was taken as
the research object in the analysis of the airflow pressure
within the hoistway usually, and the influence of the
horizontal displacement of the elevator car was not taken
into consideration, which ignored the essential features of
the high-speed elevator.

In view of the above problems, this paper considers the
combined effect of airflow pressure disturbance and guiding
system excitation, establishes a 3-D calculation model of
high-speed elevator system, and simulate the model to
solve the numerical relationships between the aerodynamic
forces/moments and the horizontal displacement and
deflection angle displacement of the car using FLUENT
by analyzing the flow field characteristics, which is used as
the input of the airflow pressure disturbance, and uses the
guide-rail bending deformation as the input of guiding
system excitation, establishes a horizontal vibration
dynamics model of high-speed elevator based on the
airflow pressure disturbance and guiding system excita-
tion, then solves the dynamic model using the Newmark-
betamethod, and finally compares and analyses the natural
frequency and horizontal vibration dynamic response of the
high-speed elevator car with or without considering the
airflow pressure disturbance with an case model,
respectively.
2 Analysis of the airflow pressure disturbance
within the hoistway

2.1 Mathematical model of 3D flow field within the
hoistway
2.1.1 Governing equations of flow field within the hoistway

During the normal operation of high-speed elevator, the
airflow in the hoistway presents a flow state of low Mach
number (Ma< 0.3) and high Reynolds number (Re> 2320),
which can be regarded as the turbulent flow of incompressible
gas [13]. Regardless of energy exchange, in the Cartesian
coordinate system (x, y, z), the governing equations that
describe the flow filed are the incompressible Navier-Stokes
equations, i.e., the mass conservation equation and the
momentum conservation equations.

The mass conservation equation:

divðUÞ ¼ 0 ð1Þ
The momentum conservation equations:

∂ua

∂t
þ divðuaUÞ ¼ divðngraduaÞ � 1

r

∂p
∂x

ð2Þ

∂va
∂t

þ divðvaUÞ ¼ divðngradvaÞ � 1

r

∂p
∂y

ð3Þ



Fig. 1. Calculation model of high-speed elevator system.
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∂wa

∂t
þ divðwaUÞ ¼ divðngradwaÞ � 1

r

∂p
∂z

ð4Þ

whereU is air velocity vector, ua, va and wa are the velocity
components of U in x, y and z coordinate directions, t is
time, r is air density, v is air kinematic viscosity, p is
pressure, div is divergence, grad is gradient.
2.1.2 Turbulence model

A turbulence model is required for numerical simulation of
the turbulent flow field. At present, the most widely used
turbulent numerical simulation method in engineering is
Reynolds Averaged Navier-Stokes (RANS). Its turbulent
models mainly include mixed long model, one-equation
model and standard two-equation model, and the applica-
tion of standard two-equation model is the most common.
Therefore, RANS and the standard two-equationmodel are
used in this paper to simulate the flow field within the
hoistway.

The turbulent kinetic energy k equation:

∂k
∂t

þ divðkUÞ ¼ 1

r
div½ðmþ mt

sk
Þgradk� � eþ mtPG

r
ð5Þ

The turbulent dissipation rate e equation:

∂e
∂t

þ divðeUÞ ¼ 1

r
div½ðmþ mt

se
Þgrade� � C2

e2

k

þC1mtePG

rk
ð6Þ

where m is air dynamic viscosity, mt is turbulent viscosity
coefficient and
mt ¼ rCm
k2

e

PG ¼ 2
∂ua

∂x

� �2

þ ∂va
∂y

� �2

þ ∂wa

∂z

� �2
" #

þ ∂ua

∂y
þ ∂va

∂x

� �2

þ ∂ua

∂z
þ ∂wa

∂x

� �2

þ ∂va
∂z

þ ∂wa

∂y

� �2

ð7Þ

Cm, C1, C2, sk, se are empirical constants, and Cm=0.09,
C1= 1.44,C2= 1.92, sk=1.0, sk=1.3.

If ’ is introduced, then equations (1)–(6) can be written
as the following general governing equation:

∂’
∂t

þ divð’UÞ ¼ 1

r
divðG’grad’Þ þ 1

r
S’ ð8Þ

where ’ is generic variable (when ’ are 1, [ua, va, wa], k and
e, Eq. (8) represents the mass conservation equation, the
momentum conservation equations, the turbulence kinetic
energy k equation and the turbulent dissipation rate e
equation respectively), G’ is generalized diffusion coeffi-
cient, S’ is generalized source term.
2.2 Numerical simulation and analysis of flow field
within the hoistway

The horizontal vibration of the elevator car includes
translation in its horizontal direction and rotation about
the centroid. When the elevator car deviates from the
symmetrical position in the horizontal direction, the lateral
force and overturning moment will be generated in the car
centroid due to the asymmetric distribution of the airflow
on both sides [16]. In order to meet the essential
characteristics of high-speed elevator to a greater extent,
the paper focus on the high-speed elevator with a car size of
1600mm� 1600mm� 2300mm, a hoistway cross-section
of 2000mm� 2100mm, and neglects the influence of
counterweight and the overall flow of airflow in the
hoistway. The hoistway cross-section is assumed to be a
rectangle, only the car is considered in the elevator model
and the influence of other structures are neglected, then the
simplified calculation model of the elevator is set up as
shown in Figure 1. The calculation area of the whole flow
field is established in the relative coordinate system. The
status of the car is considered to be stationary, the speeds of
the hoistway wall and airflow are equal to that of the
simulated car, and the direction is opposite. The upper and
lower surfaces of the hoistway are the air outlet and inlet
boundaries respectively. The tetrahedral structured grid is
used tomesh the calculated area. The size of the lateral grid
around the car is 0.01m and the rest is 0.04m, the size of
the longitudinal grid is 0.08m, and the number of grids is
about 520 000.

In this paper, the finite volume method is used to
discretize the calculation area of the flow field, and
equation (8) is integrated on the control volume. The



Fig. 2. Lateral force and overturning moment generated by different rated speeds and horizontal displacements.
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discrete algebraic equations are generated on the control
body nodes by the second-order upwind scheme, and the
equations are solved by SIMPLE algorithm of the Fluent
solver. The convergence standards for calculating the
physical quantities of the flow field are 0.1%. The paper
takes the uniform speed stage of high-speed elevator as
the research object, simulates the lateral force and
overturning moment of the car centroid at different
horizontal displacements, deflection angle displacements
and rated speeds of the elevator car, and finally studies
the relationship of the lateral force and overturning
moment with the horizontal displacement, deflection
angle displacement and rated speed.

2.2.1 The influence of car horizontal displacement on the
lateral force and overturning moment

Letting the car horizontal displacement of elevator be x
(right is forward direction), the rated speed of elevator car
be v. In order to ensure the accuracy of the simulation
results, in this paper, the car horizontal displacements (x)
are taken as 0.002m, 0.004m, 0.006m, 0.008m and 0.01m,
whichare combinedwith the rated speeds (v) of 4m/s, 6m/s,
8m/s and 10m/s respectively, and then the effects of the
horizontal displacement and rated speed on the lateral
force and overturning moment of the car centroid are
studied. It is calculated that at the uniform speed stage,
the aerodynamic force/moment of the car centroid in a
state are certain values, as shown in Figure 2.

It can be seen from Figure 2 that with the increasing of
horizontal displacement and rated speed of the car, both
the lateral force and overturning moment suffered by the
car centroid show an upward trend, and at the same rated
speed, the lateral force and overturning moment are direct
proportion to the horizontal displacements of the car
respectively. Now, we take the ratios of lateral force and
overturning moment to horizontal displacement at differ-
ent rated speeds as the influence coefficients of the
horizontal displacement on the lateral force and over-
turning moment respectively, as shown in Figure 3.

2.2.2 The influence of car deflection angle displacement on
the lateral force and overturning moment

Letting the car deflection angle displacement be u (anti-
clockwise is the forward direction). In this paper, the car
deflection angle displacements (u) are 0.5p/180 rad,
p/180 rad, 1.5p/180 rad, 2p/180 rad and 2.5p/180 rad,
which are combined with the rated speeds of 4m/s, 6m/s,
8m/s, 10m/s and 12m/s respectively, and then we study
the effects of the deflection angle displacement and rated
speed on the lateral force and overturning moment of the



Fig. 3. Influence coefficients of the horizontal displacement on lateral force and overturning moment at different rated speeds.
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car centroid. It is calculated that at the uniform speed
stage, the aerodynamic force/moment of the car centroid in
a state are certain values, as shown in Figure 4.

As can be seen from Figure 4, both the lateral force and
overturning moment suffered by the car centroid also
increase linearly with the increasing of deflection angle
displacement and rated speed of the car, and at the same
speed, the lateral force and overturning moment are direct
proportion to the deflection angle displacements respec-
tively. Now, we take the ratios of lateral force and
overturning moment to deflection angle displacement at
different rated speeds as the influence coefficients of the
deflection angle displacement on the lateral force and
overturning moment respectively, as shown in Figure 5.

2.2.3 Solution of lateral force and overturning moment of
the car centroid

From the analysis of Figure 3 and Figure 5, it can be seen
that both the horizontal displacement and deflection angle
displacement of the car will produce a lateral force and an
overturning moment on the car centroid and affect the
lateral force and overturning moment to a certain extent.
In addition, compared with the car horizontal displace-
ment, the influence of deflection angle displacement on the
lateral force and overturning moment is greater. Therefore,
according to Figure 3 and Figure 5, combining with the
classical theory of aerodynamics, this paper fits the curves
of the influence coefficients in Figure 3 and Figure 5 by
quadratic curve respectively, and the corresponding
expressions that are related to the uniform speed are
Cfx=157.9 v2,Cmx=86.79v2,Cfu=1575 v2 and Cmu=761.6
v2. Because each force/moment has a linear relationship
with x and u through the corresponding influence
coefficients, and the direction of the lateral forces generated
by the horizontal displacement and the deflection angle
displacement of the car are opposite to the positive
direction of the x-axis, so the lateral force (Ffx) and
overturning moment (Mfx) acting on the car centroid
caused by the horizontal displacement and the lateral force
(Ffu) and overturning moment (Mfu) acting on the car
centroid caused by the deflection angle displacement at
different uniform speeds can be written as follows:

Ffx ¼ �Cfxx ¼ �157:9v2x ð9Þ

Mfx ¼ Cfxx ¼ 86:79v2x ð10Þ

Ffu ¼ �Cfuu ¼ �1575v2u ð11Þ

Mfu ¼ Cfuu ¼ 761:6v2u ð12Þ

3 Analysis of the guiding system excitation

The final expression form of guide-rail horizontal displace-
ment excitation is the overall straightness deviation, and
the rail bending deformation is the most important and
common cause of the straightness deviation [17]. Because
the main object of this paper is the car horizontal vibration,
so we only consider the bending deformation in the one-
dimensional direction (horizontal direction) when analyz-
ing the guide-rail horizontal displacement excitation. In
this paper, the sine wave mode signal is used as the bending
deformation deviation, as shown in Figure 6, whereA is the
amplitude of guide-rail bending deformation, DL is vertical
distance between two guide-rail supports.

When the elevator car moves in negative direction of
z-axis and with a rated speed of v, the excitation at the
lower guide-shoe is the same as that at the upper guide-
shoe, but there is an advanced time that t0= l/v, and l
is the vertical distance between the upper and lower guide-
shoes. If the horizontal displacements of the left and
right guide-rail at the upper guide-shoe are respectively
xdlu=A1sin(2pfrt) and xdru=B1sin(2pfrt), then the hori-
zontal displacements of the left and right guide-rail
at the lower guide-shoe are xdld=A1sin(2pfr(t+t0)) and



Fig. 5. Influence coefficients of the deflection angle displacement on lateral force and overturning moment at different rated speeds.

Fig. 4. Lateral force and overturning moment generated by different rated speeds and deflection angle displacements.
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Fig. 6. Bending deformation deviation of guide-rail.

Fig. 7. Dynamic model of horizontal vibration of the system.
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xdrd=B1sin(2pfr(t+t0)), respectively. Where A1, B1 are
horizontal displacement amplitudes of the left and right
guide-rail, fr is guide-rail excitation frequency and fr= v/l, l
is wavelength.

In order to avoid the errors caused by the different
amplitude and phase of the guide-rails on both sides, the
amplitude of guide-rail bending deformation is usually
processed by integrating the bending deformation to one
side. That is, the bending deformation of one side (left)
guide-rail is regarded as a sinusoidal excitation signal, and
the other side (right) guide-rail is considered as the ideal
rail. That is, xdlu=A1sin(2pfrt), xdld=A1sin(2pfr(t+t0)),
xdru=0 and xdrd=0.

4 The dynamic model of the car horizontal
vibration under the airflow pressure
disturbance and guiding system excitation

This paper studies the horizontal vibration of high-speed
elevator car system, and mainly considers the movement of
the car in the horizontal direction and the rotation about
the centroid in the plane, depends on the airflow pressure
disturbance and guiding system excitation as the external
force, simplifies the four guide-wheel and guide-shoe
systems as parallel spring-damping systems [18], and
finally establishes the horizontal vibration dynamic model
of the high-speed elevator car system as shown in Figure 7.

The movement of the elevator car is decomposed into
the translation in the horizontal direction and the rotation
about the car centroid. Letting car mass be mc, car
moment of inertia be Ic, the equivalent stiffness and
equivalent damping of the rolling guide-shoe be ke and ce,
the vertical distances between car centroid and the upper
and lower rolling guide-shoe be h1 and h2, the horizontal
force of the guiding system on the car centroid be Ff and
the moment of the guiding system on the car centroid be
Mf. According to Lagrange equation, the differential
equations of high-speed elevator horizontal vibration can
be written as follows:

mc€x þ 4ce _x þ ð2ceh2 � 2ceh1Þ _u þ 4kexþ ð2keh2

� 2keh1Þu¼ ðkexdlu þ kexdld þ kexdru þ kexdrdÞ þ ðce _xdlu

þ ce _xdld þ ce _xdru þ ce _xdrdÞ þ Ffx þ Ffu

ð13Þ
Icuþð2ceh2 � 2ceh1Þ _x þ ð2ceh2

1 þ 2ceh
2
2Þ _u

2 2
þð2keh2 � 2keh1Þxþ ð2keh1 þ 2keh2Þu
¼ �ðkeh1xdlu þ ceh1 _xdluÞ þ ðkeh2xdld

þ ceh2 _xdldÞ � ðkeh1xdru þ ceh1 _xdruÞ
þ ðkeh2xdrd þ ceh2 _xdrdÞ þMfx þMfu ð14Þ
Now equations (13) and (14) are converted into the
universal form of dynamic equations of the lumped mass
system with multiple-degree-of-freedom as follows:

M €X þC _X þKX ¼ F ; ð15Þ
with

M= diag (mc, Ic), K ¼ 4ke 2keðh2 � h1Þ
2keðh2 � h1Þ 2keðh2

1 þ h2
2Þ

� �
,

X= [x, u] T,

_X ¼ _x; u
h i

T ,C ¼ 4ce 2ceðh2 � h1Þ
2ceðh2 � h1Þ 2ceðh2

1 þ h2
2Þ

" #
,

€X ¼ €x;€u
� �

T , F=F1+F2+F3.

where M is mass matrix, C is damping matrix, K is
stiffness matrix, F is total excitation matrix acting on the
car, F1 is guide-rail excitation matrix and,

F1 ¼ Ff ;Mf

� �
T ;

Ff ¼ ke xdlu þ xdld þ xdru þ xdrdð Þ
þce _xdlu þ _xdld þ _xdru þ _xdrdð Þ

Mf ¼ �h1ke xdlu þ xdruð Þ � h1ce _xdlu þ _xdruð Þ
þh2ke xdld þ xdrdð Þ þ h2ce _xdld þ _xdrdð Þ;

F2 is airflow excitation matrix caused by horizontal
displacement and,

F2 ¼ Ffx

Mfx

� �
¼ �157:9v2 0

86:79v2 0

� �
x
u

� �

F3 is airflow excitation matrix caused by deflection
angle displacement and,

F3 ¼ Ffu

Mfu

� �
¼ 0 �1575v2

0 761:6v2

� �
x
u

� �



Table 1. Parameter values of high-speed elevator system.

Parameter Value Parameter Value

mc/kg 900 h1/m 1.15
Dm/kg 800 h2/m 1.15
Ic/(kg ·m

2) 1700 Hoistway
cross-section/m

2.00� 2.10

ke/(N/m) 154100 Car
cross-section/m

1.60� 1.60

ce/(N · s/m) 600 Car height/m 2.30
L/m 5.00 DL/m 2.50

Table 2. Natural frequency of high-speed elevator car/Hz.

Order No-load Medium-load Full-load

1 4.1651 3.4656 3.0306
2 3.4852 3.4852 3.4852

Table 3. Guide-rail excitation frequency at different
rated speeds.

v/ (m/s) 4 6 8 10 12
Frequency/ Hz 0.8 1.2 1.6 2.0 2.4

8 J. Liu et al.: Mechanics & Industry 20, 305 (2019)
5 Case study

5.1 Selection of input parameters

This paper selects the input parameters referring a type of
the high-speed elevators of Shandong Fuji Elevator Co.,
Ltd., as shown in Table 1, where Dm is car rated load, L is
single guide-rail length.
5.2 Modal analysis of horizontal vibration

The vibration behavior of a high-speed elevator car belongs
to a small damping vibration whose natural frequency can
be approximated to the natural frequency of an undamped
system. Therefore, the influence of damping and external
excitation can be neglected [17]. The characteristic
equation and natural frequency of the car system are
equations (16) and (17), respectively.

D v2
� 	 ¼ j K½ � � v2 M½ �j ¼ 0 ð16Þ

fn ¼ v=2p ð17Þ
where v is natural angular frequency, fn is natural
frequency.

Based on equations (16) and (17), we get the first two
order natural frequencies of the elevator car under the
conditions of no-load, medium-load and full-load, as shown
in Table 2. The guide-rail excitation frequency at different
rated speeds can be obtained from fr= v / l= v / 2DL, as
shown in Table 3.
5.3 Dynamic response analysis

Taking A1= 0.8� 10�3m and medium-load condition, for
equation (15), we simulate the dynamic response of the car
under only the action of the guiding system with different
rated speeds and the combined effect of the airflow pressure
disturbance and guiding system excitation at different
rated speeds based on the Newmark-beta method,
respectively. The simulation results are shown in Figure 8.

It can be seen from Figure 8 that the horizontal
vibration acceleration response of the car is similar to the
horizontal vibration acceleration curve of the car caused
by the sinusoidal guide-rail displacement excitation in
reference [19]. And the former part of each vibration
acceleration curve is the coexistence stage of damped
vibration and forced vibration, and the latter part is the
stage where only the forced vibration exists. Besides, the
damped vibration frequency is equal to the first natural
frequency of the system theoretically. From Figure 8, we
can see that the damped vibration frequency is about
3.5Hz (the cyclic number of damped vibration per second is
about 3.5), which is very close to 3.4656Hz in Table 2 (a
certain amount of error is caused by the system model
assumptions and so on), which verifies the correctness of
the model and numerical calculation method used in this
paper. From the analysis of Figure 8, we can obtain the
single-peak values of the car horizontal vibration accelera-
tion with different rated speeds with or without considering
the influence of airflow pressure disturbance, as shown in
Table 4 and Figure 9.

5.4 Results and discussion

From Table 2, it can be seen that the natural frequencies of
the car horizontal vibration are between 3 and 4.2Hz.
When the car is no-loaded, medium-loaded and full-loaded,
the first natural frequency shows a slight decrease trend;
the second natural frequency is invariant. In addition,
through the contrast analysis between Tables 2 and 3, we
can know that with the increase of the elevator car rated
speed, the guide-rail excitation frequency is getting closer
to the car natural frequency within a certain range, that is,
the higher the speed is, the more obvious the resonance
phenomenon between the guide-rail and the car system
will be.

As can be seen from Table 4 and Figure 9, the single-
peak value of the car horizontal acceleration is getting
larger and larger with the increasing of rated speed. And
when the speed is less than 6m/s, the single-peak value
considering the airflow pressure disturbance shows an
increasing trend compared with no-consideration on the
airflow pressure disturbance, but the variation is very
small; while when the speed is greater than 6m/s,
compared to the no-consideration on the airflow pressure
disturbance, the single-peak value is increased at a rate of



Fig. 8. Horizontal vibration acceleration of elevator car at different rated speeds.

Table 4. Single-peak value of horizontal vibration accel-
eration/(m/s2).

Working
conditions

4
m/s

6
m/s

8
m/s

10
m/s

12
m/s

Without airflow 0.0014 0.0032 0.0065 0.0119 0.0220
With airflow 0.0016 0.0043 0.0118 0.0365 0.1283

Fig. 9. Single-peak value of horizontal vibration acceleration at
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quadratic when considering the flow pressure disturbance.
And according to the analysis of Section 2.2, it can be seen
that the faster the elevator car rated speed, the more
obvious the effect of deflection angle displacement on the
horizontal vibration acceleration of elevator car.
different rated speeds.
6 Concluding remarks

Aiming at the two main excitation sources of horizontal
vibration for high-speed elevator � the airflow pressure
disturbance and guiding system excitation, through the
numerical analysis of 3-D calculation model of high-speed
elevator system, this paper studies the relationship of the
lateral force and the overturning moment acting on the car
centroid with the horizontal displacement, deflection angle
displacement and rated speed respectively. The effect of
horizontal displacement and deflection angle displacement
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cannot be neglected, and finally establishes a horizontal
vibration dynamics model under the combined action of
above two main excitation sources.

In this paper, by analyzing the influence coefficients of
horizontal displacement and deflection angle displacement
on the lateral force and overturning moment of the car
respectively, we conclude that the effect of the deflection
angle displacement on the lateral force and the overturning
moment is more obvious under the constraint of the guide-
rails on both sides. Therefore, in the study of horizontal
vibration control of high-speed elevator, the control of
deflection angle displacement should be taken as the main
point.

Through the study of natural frequency and dynamic
response of horizontal vibration with and without the
consideration of the airflow pressure disturbance under the
same guiding system excitation, we conclude that in a
certain range, the higher the rated speed is, the more
obvious the resonance phenomenon between the guide-rail
and car will be; when the elevator car under no-load,
medium-load and full-load condition, the first natural
frequency shows a trend of slight decrease, while the second
natural frequency is invariant; for the elevator with rated
speed less than 6m/s, the influence of airflow pressure
disturbance on the single-peak value of horizontal vibra-
tion acceleration is negligible; however, when the rated
speed is over 6m/s, the influence of airflow pressure
disturbance on the single-peak value is approximately a
rate of quadratic ratio relationship, and with the increasing
rated speed, the influence of deflection angle displacement
on the horizontal vibration acceleration is more and more
obvious. Therefore, the influence of airflow should not be
ignored in the study of horizontal vibration. The above
conclusions have some theoretical significance in the
research on the horizontal vibration characteristics and
control of high-speed elevator.

Nomenclature
A
 Amplitude of guide-rail bending defor-
mation (m)
A1
 Horizontal displacement amplitude of
left guide-rail (m)
B1
 Horizontal displacement amplitude of
right guide-rail (m)
C
 Damping matrix

Cfx, Cmx,Cfu,Cmu
 Influence coefficient

Cm, C1, C2,sk,se
 Empirical constant

ce
 Equivalent damping of rolling guide-

shoe (N.s.m�1)

div
 Divergence

F
 Total excitationmatrix acting on the car

F1
 Guide-rail excitation matrix

F2
 Airflow excitation matrix caused by

horizontal displacement

F3
 Airflow excitation matrix caused by

deflection angle displacement

Ff
 Horizontal force of guiding system on car

centroid (N)
Ffx
 Lateral force caused by horizontal
displacement (N)
Ffu
 Lateral force caused by deflection angle
displacement (N)
fn
 Car natural frequency (Hz)

fr
 Guide-rail excitation frequency (Hz)

grad
 Gradient

h1
 Vertical distance between car centroid

and upper guide-shoe (m)

h2
 Vertical distance between car centroid

and lower guide-shoe (m)

Ic
 Car moment of inertia (kg.m�2)

K
 Stiffness matrix

k
 Turbulent kinetic energy (J)

ke
 Equivalent stiffness of rolling guide-shoe

(N.m�1)

L
 Single guide-rail length (m)

l
 Vertical distance between upper and

lower guide-shoes (m)

M
 Mass matrix

Ma
 Mach number

Mf
 Moment of guiding system on car

centroid (N.m)

Mfx
 Overturning moment caused by hori-

zontal displacement (N.m)

Mfu
 Overturning moment caused by deflec-

tion angle displacement (N.m)

mc
 Car mass (kg)

p
 Pressure (Pa)

Re
 Reynolds number

S’
 Generalized source term

t
 Time (s)

t0
 Advanced time between upper and

lower guide-shoes (s)

U
 Air velocity vector

ua, va, wa
 Velocity component of U in x, y, z

coordinate directions (m.s�1)

v
 Car-rated speed (m.s�1)

x
 Car horizontal displacement (m)

xdlu
 Horizontal displacement of left guide-

rail at upper guide-shoe (m)

xdru
 Horizontal displacement of right guide-

rail at upper guide-shoe (m)

xdld
 Horizontal displacement of left guide-

rail at lower guide-shoe (m)

xdrd
 Horizontal displacement of right guide-

rail at lower guide-shoe (m)

u
 Car deflection angle displacement (rad)

r
 Air density (kg.m�3)

v
 Air kinematic viscosity (m�2.s�1)

e
 Turbulent dissipation rate

m
 Air dynamic viscosity (N.s.m�2)

mt
 Turbulent viscosity coefficient (N.s.m�2)

’
 Generic variable

G’
 Generalized diffusion coefficient

DL
 Vertical distance between two guide-rail

supports (m)

Dm
 Elevator-rated load (kg)

l
 Wavelength (m)

v
 Natural angular frequency (Hz)
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