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At present, the wind-induced vibration effects of super-high-rise buildings caused by wind loads
can no longer be ignored. The wind-induced vibration effect of super-high-rise buildings will inevitably cause
the vibration of ultra-high-speed elevators. However, for the study of the vibration characteristics of ultra-high-
speed elevators, the wind-induced vibration effect of the ultra-high-speed elevator is often ignored. Based on
Bernoulli-Euler theory, the forced vibration differential equation of elevator guide rail was established, and the
vibration equation of elevator guide shoe and car was established by using the Darren Bell principle. The coupled
vibration model of the guide rail, guide shoes, and car can be obtained through the relationship of force and
relative displacement among these components. Based on the model, the effects of wind pressure and building
height on the horizontal vibration of the ultra-high-speed guideway and passenger comfort were analyzed. The
results showed that the influence of the wind load on the vibration of ultra-high-speed elevator can no longer be
disregarded, and the maximum horizontal vibration acceleration of the guide rail is positively correlated with the
height of building. The vibration acceleration of the same height rail increases with the increase in wind pressure.
The vibration dose values (VDVs) increase with the increase in wind pressure and building height, respectively.

Ultra-high-speed elevators are gradually used in super-high-
rise buildings. However, super-high-rise buildings have the
characteristics of low natural frequency and large flexibility.
This kind of building is a typical wind-sensitive structure (Xu
et al., 2015). The vibration deformation of super-high-rise
buildings under wind load will inevitably cause the vibra-
tion deformation of an elevator guide rail installed in a super-
high-rise building (Deng et al., 2015; Feng et al., 2012; Zhi
et al., 2017). The vibration deformation of the guide rail is
transmitted to the car through the guide shoe, and the vibra-
tion response of the car can also act on the guide rail through
the guide shoe. Therefore, the guide rail, guide shoe, and
car are transformed into a coupling system. In this coupling
state, the wind load can no longer be ignored for the vibration
of ultra-high-speed elevators in super-high-rise buildings. At
present, the number of super-high-rise buildings is increas-

ing. Therefore, we should study the vibration mechanism of
ultra-high-speed elevators under wind loads, based on the vi-
bration model of the elevator coupling system. In addition,
we should understand the operation law of the ultra-high-
speed elevator in order to improve the operation quality of
the elevator.

Elevator vibration is generally divided into horizontal and
vertical vibrations. The human body is more sensitive to hori-
zontal vibration than to vertical vibration (Chen et al., 2016).
In addition, the horizontal vibration of the elevator is pro-
portional to its speed (Rao et al., 2016). Therefore, this pa-
per analyzes the horizontal vibration of ultra-high-speed el-
evator under wind load. Yokota et al. (1987) analyzed the
vibration characteristics of an elevator and building system
through a vibration exciter test and introduced several mea-
sures to reduce the vibration of elevator car. Li et al. (2002)
simplified the guide shoe system as a spring damping system,
established a 2 DOF (degrees of freedom) horizontal vibra-



tion model of the elevator car, simulated the vibration model
based on the analysis of the incentive of elevator guide, and
provided an effective simulation method for the horizontal
vibration of an elevator. Fu et al. (2003) obtained the hor-
izontal vibration differential equation, used the conversion
between the local and global coordinate systems, discussed
the disturbance model of the guide rail, compared the ac-
celeration response of the elevator under the sine, triangle,
pulse, and step disturbances, and concluded that the step
disturbance of the guideway would cause a large horizon-
tal vibration. Feng (2007) established the spatial dynamic
model of elevator horizontal vibration and simulated the vi-
bration model of the car system by considering the measured
rail excitation as the input signal. Mei et al. (2009) estab-
lished a three-dimensional rolling contact model, considering
the nonlinear-rate-dependent characteristics of a rubber shoe
liner, and established a mathematical model of interference
on a smooth excitation for the guide rail of a rolling guide
shoe after considering the roundness deviation of the guide
roller. Yin et al. (2011) transformed the influencing factor
of the horizontal vibration of elevator car (e.g., rail uneven-
ness, rail bending, guide shoe defects, etc.) into the force of
the guide rail on the guide shoe and analyzed the horizontal
vibration of a high-speed elevator car. In these studies, the
guide rail is used as an external excitation to analyze the hor-
izontal vibration of the elevator car without considering the
effect of wind load and the coupling between the guide rail,
guide shoe, and car.

Li et al. (2005) established a coupling dynamic model in-
cluding the elevator frame, roller, and guide rail, based on the
wheel rail contact stiffness, without considering the contact
damping between the roller and guide rail and the contact
stiffness between the roller and car. Guo et al. (2011) estab-
lished the dynamic coupling model of the car, guide shoe,
and guide rail of an elevator and studied the nonlinear fac-
tors between the guide shoe and guide rail. Zhu et al. (2013)
established the vibration model of an elevator coupling sys-
tem based on the vibration model of the car and the guide rail,
using the force relationship between the guide shoe and the
guide rail; thereafter, they studied the vibration of the cou-
pling system under earthquake excitation. A close examina-
tion of the preceding studies reveals the limitations of the
analytical solutions of previous research. However, the cou-
pling model between the various systems of an elevator has
been obtained because the wind load factor was disregarded.

The continuous construction of high-rise buildings has led
scholars to study the wind-induced response of these struc-
tures. Li et al. (2007) and Fu et al. (2008, 2012) measured
the top wind characteristics and wind-induced vibration re-
sponse of several high-rise buildings in Guangdong, China,
and obtained extensive field measured data. Kijewski and
Prinia (2007) and Bashor et al. (2012) conducted field tests
on the dynamic characteristics of several buildings in Boston
and Chicago, USA, and studied the time frequency analysis
and modal identification of the acceleration response. Huang

et al. (2017) used aerodynamic elastic mechanics to study the
aerodynamic interference effect between high-rise buildings,
which provided beneficial information for avoiding or reduc-
ing vortex resonance. Huang et al. (2015) used the three-scale
perturbation method to study the horizontal vibration of el-
evator cables. They explained that the upper part of the ele-
vator cable was subjected to a type of sinusoidal excitation
due to the horizontal movement of a building. Moreover, the
self-resonance phenomenon of the elevator system was fur-
ther studied by the aforementioned researchers. The preced-
ing study details the vibration response of buildings under
wind load. However, the horizontal vibration response anal-
ysis of ultra-high-speed elevator, considering the influence of
wind load on buildings, has not been carried out yet.

In view of the above problems, the current study aims to
establish a complete coupling vibration model of an eleva-
tor system, introduce the wind-induced vibration theory of
super-high-rise building structure, and investigate the influ-
ence of building height and wind pressure on the horizon-
tal vibration of ultra-high-speed elevator rails fixed in super-
high-rise buildings under wind-induced vibration conditions.
The current analysis can be a step forward toward design-
ing the vibration damping of ultra-high-speed elevators to
enhance riding comfort.

As the structure of ultra-high-speed elevator is complex, and
it is not conducive to theoretical research, the following as-
sumptions and simplifications are made in this paper:

1. the car body and frame have a rigid connection between
them;

2. the mass center of the car coincides with its geometric
center;

3. the car and roller are simplified as a mass spring damp-
ing system because the movement of the car relative to
the roller and the roller relative to the guide rail is con-
siderably small in the normal rail surface;

4. the structure and parameters of each roller are the same;
and

5. the guide rails of one side are simplified as a multi-span,
elongated, straight continuous beam.

The horizontal vibration of an elevator system includes its
lateral vibration (y direction) and front and back vibration
(x direction). The lateral vibration is similar to the front and
rear vibration dynamic models, and the modal frequencies
are similar, so they are often studied separately. In the cou-
pling state of guide rail, guide shoe, and car system, the vi-
bration of guide rail has a great influence on the vibration of
elevator system. Therefore, this research mainly studies the



horizontal vibration of guide rails under the wind load act-
ing on a building (i.e., the horizontal vibrations of the guide
rails and what follows in the passage are vibrations in the
y direction). Figure 1 shows the horizontal vibration model
of an ultra-high-speed elevator considering wind-induced vi-
bration of buildings.

Figure 1 shows that H is total height of the super-high-rise
building, wq is the basic wind pressure for a 50 year return
period, A is the windward area of the building, X is the ele-
vator lift height, [ is the length of guide rail, mg is the mass
of the guide rail unit length, EI is the bending stiffness of the
guide rail, and ¢ is the damping of the guide rail. In addition,
S is the distance in the x direction of the upper and lower
rollers, and y; is the elastic deformation of guide rail 1 at ¢
time, y, is the elastic deformation the moment of guide rail 2
atz time. yy1, Yw2, Yu3, and y,4 are the horizontal displace-
ments of rollers 1, 2, 3, and 4, respectively. m is the mass of
the roller, k; is the contact stiffness between the roller and
guide rail, ¢ is the contact damping between the roller and
guide rail, ky is the connection stiffness between the roller
and car system, ¢, is the connection damping between the
roller and car system, y. and 6 are the horizontal and angular
displacements of the car system, respectively, m. is the qual-
ity of the car system, and J; is the moment of inertia of the
car system.

The guide rails are fixed on a building and keep a predeter-
mined distance from the rail support. Because the horizontal
deflection of the guide rail is much less than the length of the
guide rail, we regard the guide rail as Euler beam. Bernoulli—
Euler theory indicates that, under the coupled interaction of
the guide shoe and rail, the forced vibration differential equa-
tions of guide rail 1 and guide rail 2 can be expressed as fol-
lows:
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For the car system and roller, the unevenness of the rail
surface is an important excitation source that triggers their
vibration. When considering the wheel rail coupling, the rail
surface roughness will affect the vibration of the rail itself,
which shows the influence on the wheel rail contact force. To
conveniently study the relationship between the rail surface
roughness and guide rail vibration, the surface roughness of
guide rails 1 and 2 is assumed to be the same at the same
lifting height. We set the surface roughness value of the guide

rail at the contact point between the lower roller and guide
rails 1 and 2 to r(s1(¢)). Meanwhile, the surface roughness
value of the upper roller and guide rails 1 and 2 is r(s2(¢)).
The contact force can be expressed as follows:

fie. ) =k [y1(x, 1) = yw1 +r(s1(D)]

+c1 [D1(x, 1) = Ywi +F(s1())] (3a)
(e, 1) = ki [yw2 — y2(x, 1) = r(s1(2))]

+c1 [Jw2 — ya(x, 1) — F(s1(1))] (3b)
3, 1) = ki [y1(x, 1) = yw3 + r(s2())]

+c1 [1(x, 1) = Yuw3 + F(s2(0))] (3¢)
JaCx, 1) = ki [yws — y2(x, 1) — r(s2(2))]

+c1 [Jwa — y2(x, 1) — F(s2(1))] - (3d)

The damping force between the car system and roller is de-
termined by the instantaneous horizontal velocity, rotational
angular velocity of the car system, and instantaneous hori-
zontal velocity of the wheel. The elastic force between the
car system and roller also depends on the instantaneous level
of the car system displacement, rotation angular displace-
ment, and momentary displacement of the roller. Consider-
ing that the outer edge of the roller is damping rubber and
the relative displacement between the roller and the guide
rail is small, the roller is simplified as a mass spring damping
system, which is connected with the guide rail through the
spring and damper. The dalangel principle is used to estab-
lish the motion equations of the four rollers as the following
equations:
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Similarly, considering that there is damping rubber be-
tween the car and the frame, damping spring between the
shoes, and the relative displacement between the car and the
roller is small, the connection mode between the car and
the roller is simplified to a spring and damping system. The
car system is regarded as a rigid body, and its horizontal
movement includes translation along the y axis and rotation
around the centroid. The dalangel principle is used to estab-
lish the following differential equation for the overall hori-
zontal and rotational displacements of the car system under



Horizontal vibration model of the guide rail, guide shoe, and car coupling system.

the coupling of the car system and roller:

meYe(t) +4caye(t) + 4k ye(t)
= 2 [Yw1(®) + Yu2(®) + Yuw3(®) + Yuwa ()]
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JB(t) + c2h6(1) + kah6 (1)

1
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To determine the horizontal vibration response of a super-
high-speed elevator under wind load, it is necessary to study
the action law of wind load on super-high-rise buildings.

The corresponding super-high-rise building may reach the
maximum wind-induced vibration at this location when the
ultra-high-speed elevator reaches any lifting height. There-
fore, to explore the influence of wind-induced vibration on
the vibration of ultra-high-speed elevator systems, only the
maximum wind-induced vibration response at each height of
super-high-rise building is considered.

Referring to the research results of building structure
(Chinese Standard, 2012; Chen, 2007), the maximum wind-
induced vibration response corresponding to the height of
super-high-rise building is obtained.

The peak values of a super-high-rise building wind-
induced vibration acceleration (downwind) is provided as
follows:

a=E-y-p-w-@ -A/M, (6)

where £ is the pulsation increase coefficient, y is the de-
formation coefficient, @ is the variation coefficient of the
wind pressure height, w is the basic wind pressure for a 10-
year return period, such that w =0.75wg, M is the build-
ing mass, and ¢z is the height coefficient, such that ¢z =
tan[rr /4(z/ H)*7], where Z is the super-high-rise building
height position, and its value is equal to the elevator lift
height X.

This study just considers the vibration response of the
guide rail under the maximum wind-induced vibration of the
building and only considers the direction of the building vi-
bration in the same direction as the horizontal vibration di-
rection of the guide rail. Accordingly, the vibration response
of the guide rail under the wind-induced vibration of super-
high-rise buildings can be expressed as follows:

Yi=¥jx,04+a, j=12, 7

where Yj is the acceleration response of the elevator guide
rail vibration that considers the wind-induced vibration of
the super-high-rise building, j;(x,?) is the acceleration re-
sponse of the elevator guide rail under a coupling system,
and a is the wind-induced vibration acceleration response of
the super-high-rise building.

Any reasonable displacement of the structure can be repre-
sented by the superposition of the structure individual modes



having corresponding amplitudes. This study uses the mode
decomposition method to transform the partial differential
equation of the guide rail into an ordinary differential equa-
tion as in the following equation:

Y=Y gijOeix), j=1.2, ®)
i=1

where g;;(¢) is the generalized mode coordinates of the guide

rail, o; (x) = \/% sin(;ri/Ix) is the vibration mode function
of the guide rail, and n/ is the total length of one side of the
guide rail.

To obtain the n order general coordinate motion equation
of the guide rail, we substitute Eq. (8) into Egs. (1) and (2)
and then the two sides of Egs. (1) and (2) are multiplied by
«i(x) and integrated on the [0, /] interval. The i order general
coordinate motion equation of the guide rail can be obtained
by the orthogonality of the mode shapes as in the following
equations:

mogi1(t) + cogi1(t) + kogin(t) = fin )
modi2(t) + coqia(t) + kogin(t) = fi2, (10)

where kg is the calculation stiffness of the guide rail under a
generalized coordinate, and f;; and f;, are the generalized
load vectors of guide rails 1 and 2, respectively.

We consider the generalized coordinate motion in
Egs. (10) and (11) for the guide rail under the coupling ac-
tion and the motion Egs. (3-6) for the car and rollers. After
the consolidation, the coupling kinetic equation of the system
can be merged into the following form:

M{Y}+C{Y} +K{Y}={F(¢)}, (11)

where M, C, and K are the mass, damping, and stiff-
ness matrices, respectively, of the coupled system, {Y} =
[ye, 0, Y1, Y2, V3, ¥4, q1,q2]T is the generalized displacement
vector of the system, and {F (¢)} is the generalized load vec-
tor of the system that considers the wheel and rail to be
preloaded.

The coefficient of the system dynamic equilibrium
Eq. (11) changes with the change in the position of the guide
shoe on the guide rail; thus, the equation comprises second-
order differential equations with time-varying coefficients.
Such a time-varying coefficient differential equation group
can be solved generally only through a step-by-step numer-
ical method (Chao et al., 2017). Given the influence of the
structural parameters on the dynamic characteristics of the
guide rail and the nonlinearity of the equation group, a step-
by-step integral program with a discrete variable is compiled
based on the incremental method to solve the system (Mo-
hammad et al., 2016; Luis et al., 2017).

Main input parameters for the simulation.

Parameter name Value Parameter name  Value
v (ms~ 1) 20 me (kg) 1515
mo (kgm~1) 17.8  Je (kgm?) 3667
EI (Nm?) 3x10° S (m) 3
co Nsm~1) 1500 w; (kKNm2) 0
I (m) 25 wy (kNm~2) 0.5
m (kg) 3.1 w3 (kNm2) 0.75
kf Nm™1) 7x10° w4 kKNm2) 1
¢y (Nsm~1h) 134 Hj (m) 500
ky Nm~1) H, H;(m) 800
¢y (Nsm~ 1) 920  Hj (m) 1200
Hy (m) 1500

The large-span discrete values of the wind pressure are se-
lected to completely investigate the influence of the wind
pressure on the vibration of the ultra-high-speed elevator.
Similarly, this study also selects the large-span discrete val-
ues of the building height. The ultra-high-speed elevator,
with a rated running speed of 20 ms ™!, is the research object
for the simulation. Table 1 shows the main input parameters
of the simulation. The selection of simulation parameters in
Table 1 is based on the actual elevator.

We compile the calculation program based on the dy-
namic model of the car wheel rail coupling system and wind-
induced vibration model of the super-high-rise building. Fig-
ure 2 shows the calculation process.

The horizontal vibration model and ultra-high-speed eleva-
tor coupling vibration model established in Sect. 2 are used
as the basis to perform the simulation experiment, using the
analysis method discussed in Sect. 3.1. We keep the specific
parameters in Table 1 unchanged, only change the studied
parameters, and simulate different working conditions. The
results are as follows.

Figure 3 shows that, by using a 1500 m super-high-rise build-
ing as an example, the maximum vibration acceleration of
such building is obtained with the height. Evidently, as the
height increases, the maximum vibration acceleration of the
building increases as well. The maximum vibration acceler-
ation of the building is approximately linear with the height.
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Figure 4 shows the following scenarios:

1.

The guide rail vibration acceleration increased signifi-
cantly when considering the wind pressure.

The vibration acceleration of the rail tends to increase
as the lifting height increases, due to the influence of the
wind-induced vibration of the building. The reason for
this phenomenon is the maximum wind-induced vibra-
tion of the building at different heights. Figure 1 shows
that the maximum vibration acceleration of the building
is proportional to the height.

3. The comparison of the vibration curve of the guide rail

under different wind pressures shows that the guide rail
vibration acceleration increases with the increase in the
basic wind pressure in the 10-year period at the same
height position. Under the condition of high wind pres-
sure, the change rate of the vibration acceleration of the
guide rail with the lifting height is greater.
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Figure 5 shows the following scenarios:

1. The comparison of the vibration curve of the guide rail
under various building heights (i.e., 500, 800, 1200, and
1500 m) shows that the maximum vibration acceleration
of the rail appears near the highest point of the lifting
height.

2. Ascan be seen from Fig. 5, the vibration acceleration of
the guide rail tends to increase with an increase in the
lifting height. This trend is particularly evident at the
building height of 1500 m. The vibration acceleration
increased by 4.5 times from the vibration acceleration
peak of 0.1 ms~2 for the guide rail at the bottom of the
building to that of 0.45 ms~2 for the guide rail at top of
the building.

The whole process of the car operation is selected as the re-
search object, and the vibration dose value (VDV) is used to
detect the passenger comfort (British Standard Guide, 1987).
The VDV is defined as follows:

T 1/4

VDV = /ajv(z)dz , (12)
0

where T is the duration of the vibration signal, and aév is
the acceleration of the vibration signal after the weighting of
the frequency meter. The VDVs of the elevator under differ-
ent wind pressure and building height are calculated, respec-
tively, as shown in Table 2.

As can be seen from the Table 2, the VDVs increase with
the increase in wind pressure and building height, respec-
tively. When the wind pressure reaches 2 Mpa, the VDVs
suddenly increase from 0.3802 to 0.5572, which is an in-
crease of 46.55 %. When the building height reaches 1500 m,
the VDVs suddenly increase from 0.3949 to 0.6036, which is
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The VDVs of elevator under situations with different wind

pressure and building height.

Wind pressure (Mpa) VDV  Building height (m) VDV
0 0.1415 500 0.2406
0.5 0.3438 800 0.3238
1.0 0.3802 1200  0.3949
2.0 0.5572 1500  0.6036

an increase of 52.85 %. This shows that excessive wind pres-
sure and building height will greatly reduce the comfort of

passengers.

This study started from the two aspects of wind pressure and
super-high-rise building height and expounded the effect of
a super-high-rise building wind-induced effect on the vibra-
tion of the ultra-high-speed elevator guide rail. The following

conclusions are drawn:

1. The vibration acceleration of the guide rail is positively

correlated with the wind pressure of the building. Under
certain other conditions, with the increase in the wind
pressure, the change rate of the vibration acceleration
of the guide rail increases gradually during the whole
process of the car operation. Therefore, the local cli-
mate factors should be considered in the installation of
an ultra-high-speed elevator.

. The vibration acceleration of the guide rail is posi-

tively correlated with the lifting height. When the build-
ing height reaches a certain value, the flexibility of the
building increases, the sensitivity to wind becomes con-
siderably prominent, and the change rate of the vibra-
tion acceleration of the guide rail becomes larger.

. The VDVs increase with the increase in wind pressure

and building height, respectively. Excessive wind pres-
sure and building height will have a severe impact on
passenger comfort.

The results showed that the effect of the wind load on the

vibration of an ultra-high-speed elevator can no longer be
disregarded. For the first time, the influence of the wind load



on a super-high-rise building in the field of a building struc-
ture is introduced into the vibration of an ultra-high-speed
elevator coupling system. The simulation results verify the
vibration characteristics of super-high-rise buildings as wind
sensitive structures and provide a theoretical reference for the
consideration of the wind-induced vibration of super-high-
rise buildings during the design and installation processes.
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