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The problem of randomness of design parameters objectively exists in the high-speed elevator cabin system. The
definite and random part of the acceleration response expressions were derived according to perturbation theory
and the transverse vibration acceleration response of the observation point was analyzed. The sensitivity expres-
sions of various random parameters to the acceleration response were deduced by solving the random response of
expression and comparing the coefficients of various parameters of the random part. The different impacts of var-
ious parameters on the acceleration response were analyzed according to the expression of acceleration response
sensitivity. Based on the displacement response covariance matrix and random parameter covariance matrix, the
standard deviation characteristic of the acceleration response was obtained and analyzed. The results showed that
the random parameters made the acceleration response to be more discrete. Additionally, the randomness of the
geometrical parameters had the greatest influence on transverse acceleration. The results can provide a reference

for anti-vibration design of high-speed elevators and safety assessment.

1. INTRODUCTION

As a means of transport in high-rise buildings, the elevator’s
speed was rapidly increased with the increase of the height
of buildings.! Currently, the elevator whose running speed
is more than 2.5 m/s is known as the high-speed elevator.
With the increase of elevator’s speed, the transverse vibration
problem due to rail harshness has become more and more se-
rious. In recent years, many domestic and foreign scholars
have studied the vibration of the cabin system. Noguchi et al.
used frequency-domain analysis based on principal component
analysis to perform operational modal analysis of an elevator
car.” Yin et al. transformed many important factors such as
rail harshness, flexion of the rail, and the guide shoe’s defects
into the contact force of rail to guide shoe, and established a
multi-DOF transverse vibration model of a high-speed eleva-
tor car.> Xia and Shi established a transverse vibration model
of an elevator car by studying real-time interface stiffness be-
tween the guide rollers and the guide shoe.* They took rail
harshness as the input excitation to study the transverse vibra-
tion of an elevator car. In the product design stage, all of the
parameters are definite. However, due to the influence of ac-
tual installation circumstance, live debugging, manufacturing
errors, installation errors, the influence of temperature and un-
certainty of physical parameters of materials, etc., the parame-
ters of the same batch of elevator products are different. For an
actual product, its parameters are uncertain and present some
randomness. For example, Li and Liao analyzed a shear wall’s
vibration response.5 In the case of the variation, the coefficient
of elasticity modulus was 0.3 and the vibration power spectral
density of the top of the shear wall was increasing exponen-
tially. However, most of the existing literature about the ele-
vator car’s vibration does not consider the random parameters
of an elevator car or approximate them as definite parameters.
In fact, these random parameters not only affect the eigenval-
ues and eigenvectors of the system in each mode, but also have
an effect on the statistical properties of the response. There-
fore, studying the response to random parameters is significant

to the structure of elevator car vibration damping, reliability
sensitivity analysis, and safety assessment.

Zhang et al. studied the frequency response function of a
statistical feature of one and two degrees of freedom random
structure using the Monte-Carlo method.® Zhang et al. used
the stochastic finite element method to study reliability char-
acteristics of a mechanical structure component under com-
plex loading conditions.” The Monte-Carlo numerical mod-
eling method is highly accuracy, but for large and complex
structures, it is time consuming. Thus, it is suitable for the
comparison of methods but not suitable for practical engineer-
ing structural analysis. The stochastic finite element method
needs to set up all kinds of random parameters correspond-
ing to the stochastic finite element characteristic matrix, which
causes much inconvenience to its computer program design.
Therefore, it is necessary to find a random perturbation method
to avoid the establishment of a random finite element charac-
teristic matrix which can be realized easily via computation.

2. CONSTRUCTION OF A RANDOM
PARAMETER CAR VIBRATION MODEL

The establishment of the car model is the basis for solving
the differential equations of the motion of car system. The
model should not be too simple, for it could not accurately re-
flect the actual situation.® On the other hand, the model cannot
be too complicated because the amount of calculations will be
too large or even impossible to solve. In Fig. 1, a car vibration
model is established. A rectangular coordinate system oxyz is
established with the barycenter of the car as the origin. The
roller guide shoe system is simplified into a spring damping
system.”!® Each system provides the = and y directions of
the two forces, and so the whole system of the car has 5 DOF
along the x and y directions and around the x, y and z-axis
rotations. !

For convenient calculation, suppose that the horizontal dis-
tances from guide wheel 1, 2 and guide wheel 3, 4, to the cen-
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Figure 1. Parameters of elevator cabin system.

troid are respectively equal to /; and l,. While the vertical
distances from guide wheel 1, 3 and guide wheel 2, 4, to the
centroid are equal to [3 and l4. As described above, the sys-
tem has 10 random parameters: the mass of the car m, the
z-axis rotational moment of inertia J,,, the y-axis rotational
moment of inertia J,,, the z-axis rotational moment of inertia
Joz, stiffness and damping in all directions of the guide wheel
k, c (assume that the guide wheels’ stiffness and damping at
all directions are equal), l1,1ls,3, and l4. Additionally, they
are assumed to be independent with each other. And they have
their own mean value and standard deviation. In the following,
the dynamic response of the point of observation point O’ at
the bottom of the car was studied.

The elevator car system dynamics equation can be expressed

as:1?

MX +CX+ KX =P(t); (1)

where M, C, and K are the mass matrix, damping ma-
trix, and stiffness matrix respectively, X is the general-
ized coordinate array, and P(¢) is an external stimulus.
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3. DYNAMIC RESPONSE ANALYSIS OF THE
RANDOM PARAMETERS OF THE
ELEVATOR CAR SYSTEM

In this section, the dynamic response of the car system was
discussed by using the random perturbation method.!® Since
M, C, K, and P(t) have random properties, the following
transformations are needed:

M = Mg+ eM,; (2)
C=0Cyq+eCy; 3)
K=Kg+eK,; 4)

X =Xg+eX,; (5
P(t)=Py(t)+eP(t); (6)

where ¢ is a small parameter. As an abstract value obtained
by the perturbation method will not affect the derivation of the
entire equation.'* The subscript d and subscript r denote the
determining parts and random parts of random parameters, and
the mean of the random parts is zero. By combining these
equations with Eq. (1), comparing them with factor ¢ at the
same power, and omitting higher-order terms above O(g?), the
following equations were obtained: '

Y. MdXd + CdXd + K4 Xg=Py (t) ; (7)

81 : MdXT + Cer + K4X, =
P (1) (M Xy + Co Xy + K, Xa) . ®)
In order to calculate the random response generated due to

random external excitation and random parameters, the ran-
dom response was written as:

Xr - Xrl + XTZ; (9)

where X1 and X, satisfy the following equations:

MaX1 + CaXp1 + Kg X1 = P (1) (10

MdXTQ + CerQ + KdXT’Q -
— (M X+ O X+ K, Xa) (D)

Equation (10) and Eq. (11) respectively denote the random
response due to the randomness of the excitation and of the
random parameters. For Eq. (11), random variables were ex-
panded into the Taylor series in the vicinity of determining part
bgj(j = 1,2,...,m) of the random parameters, and substi-
tuted into Eq. (11), and comparing the b,.; coefficients the fol-

lowing equation was obtained:'%!7
8Xd a)(d 8Xd
M, C. K, -
Tab, o, T,
8Md 86'd BKd )

G=12...,m). (12
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Equation (12) was solved by using the Wilson- method.'®
And the system response sensitivities were obtained as: %,
J
9Xy 8X4
series in the vicinity of determining part by (j = 1,2,...,m)
of the random parameters and the following equations were

obtained:

XTQ XTQ X,o. They were expanded into the Taylor

N ™ ax

X9 = 8bd by (13)
j=1
" 0X,

Xp=) b (14)
g=1 =
00X,

Xep =Y 2 by (15)

Thus, the random responses of the random parameter structure
X,2, X,2, and X, were obtained. The observation point O’
in the x-direction and y-direction acceleration of the matrix is:

For ..

.. =TX; 16

K (16
where 1T is the transformation matrix: T =
10 0 Ly lyo

0 1 l,ey O 0

4. STANDARD DEVIATION ANALYSIS FOR
THE DYNAMIC RESPONSE OF THE
ELEVATOR CAR

In consideration of the complexity and difficulty of the ran-
domness of the external excitation of the car, only the standard
deviation of the random response due to random X5 parame-
ter was studied to facilitate random vibration system optimiza-
tion.

Firstly, the displacement response covariance matrix V,,

random parameter covariance matrix /Vp, and displacement re-

sponse sensitivity matrix [2X¢] were defined as:

N, =
Var (X<1> Cov(X<2>,X<1>) . Cov( X®, xW
COV(X<2>,X<1>) Var (Xu)) - Cov( X®), x@

COV(X(k)7X(1)) COV(Xw)’X@) Var( <k>>

17)
Var (b1) Cov (b2, b1) Cov (bm, b1)
COV (bz, b1) Var (bz) e COV (bm, bg)

Ny = . . . . 5

Cov (bms b1)  Cov (b, bs) Var (bon)

(18)
0Xq X, 0X ox
{ab w =% e . ] a9

Table 1. Parameters of elevator cabin system.

Mean Standard Para- Mean Standard
Parameter: value: deviation: meter: value: deviation:
b ' Dbj Ubj b ' Db ' O'bj
(CV=0.05) (CV=0.05)
mlkg] 1000 50 clkg/s] 1000 50

Jozlkg:m?] | 2300 115 I1[m] 1 0.05
Joy[kg-mQ] 2000 100 l2[m] 1 0.05
Joz[kg:m?] 820 41 l3[m] 1.6 0.08
E[N-m—1] 100000 5000 l4[m] 14 0.07

Var (X (k)) represents the variance of the ky;, element in
vector X, and Cov represents covariance. The following equa-
tion was obtained:

(20)

90X, 0xq41"
b }Nb{ b }

v |

Based on Eq. (20), the standard deviation of the displace-
ment response was obtained

1/2
m m
(9)(Z 8Xl
Z > Db, b ——L0biTbkPjk ;o @D
j=1k=1
where o7, is the standard deviation [Var (z(*))] Y2 0t the in

element in vector X, p;; is the correlation coefficient of b;
and by, and oy is the standard deviation of b;.

Similarly, the standard deviation of the velocity response
and acceleration response were obtained:

1/2
) m m aX,L
ol = ZZ dab ovioupik | 5 (22)
j=1k=1
1/2
) m m aXZ
oy = ZZ d b, —L oy o)k (23)
j=1k=1

It can be seen that as long as the standard deviation of the
system architecture’s random parameters and correlation coef-
ficients are given, the standard deviation of the response can
be obtained without involving the statistical properties of other
random parameters. This makes it easy to be applied it to engi-
neering practice. Besides, only the required degree of freedom
is used to calculate the response sensitivity to avoid a large
amount of computation.

5. CASE ANALYSIS OF AN ELEVATOR CAR
SYSTEM

5.1. Calculation of the Acceleration
Response of a Random Parameters
Elevator Car System

According to Table 1, the elevator car system vibration
model includes the mass parameters m, Joz, Joy, and J,; the
dynamical parameters k and c; and the geometrical parameters
l1, l2, I3, and l4. It is assumed that the random parameters are
independent and subject to standard normal distribution. For
a type of high-speed traction elevator with a running speed of
5 m/s, the parameters are shown in Table 1.

It is considered that the parameters are independent and sub-
ject to the standard normal distribution and the coefficient of
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Figure 2. Lead rail’s excitation in the x-direction. Figure 4. Certain part’s acceleration of the observation point in the x-
direction.
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Figure 3. Lead rail’s excitation in the y-direction.

variation CV is fixed at 0.05. For convenient calculation, the
step pulse excitation was applied to the x and y directions in
the left side of the rail joints and the right side of the rail was
regarded as the ideal rail. A single rail length was 5 m. The
excitation was shown in Fig. 2 and Fig. 3.

The response expression was constructed by perturbation
theory and the response acceleration X; was obtained by using
the Wilson-6 Method to solve Eq. (7). Then, the z-direction
and the y-direction accelerations of any point were obtained by
letting the acceleration response pre-multiply the transforma-
tion matrix 7'. Images of response acceleration of determining
parts in the x-direction and y-direction were obtained from the
center point of the bottom of the elevator car, as shown in Fig. 4
and Fig. 5. As can be seen from the figures, the transverse vi-
bration in the x direction tended to be relatively unstable at any
excitation, while the vibration intensity in the y direction was
generally greater than that in the = direction.

The random part of the acceleration response was obtained
by letting the brj equal to +oy,; together with the X4 substitut-
ing it into Eq. (13) and solving it. Then, the total acceleration
response X was obtained by combining the random part and
the definite part of the acceleration response and multiplying
X by transformation matrix 7" and then obtained the observa-
tion point total acceleration response, as shown in Fig. 6 and

Figure 5. Certain part’s acceleration of the observation point in the y-
direction.

Fig. 7.

Taking the random parameters into consideration, it can be
seen that the absolute value of the maximum accelerations in
the = direction and the y direction were increased by about
50% and 40% by comparing acceleration response determining
parts. Furthermore, the response value of each moment had a
different degree of dispersion by comparing the determining
part. Especially at 6.5 s and 16.5 s, the y direction always
showed more abrupt acceleration response characteristics. By
considering the randomness of the structural parameters, the
discrete degree of acceleration response was indeed increased.

5.2. Acceleration
Analysis

The stochastic parameter system response sensitivity
Eq. (12) was solved by the Wilson-6 method, and the accel-
eration response sensitivity for each random parameter in the
oxX,

bj

Response Sensitivity

x direction and y direction at the observation point (the
ag Y) can be obtained. The acceleration response sensi-
J

tivities 35* and % were constantly changing in the whole
J J

time period. In order to facilitate the comparison, the mean

and
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Figure 6. General acceleration of the observation point in the z-direction.
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Figure 7. General acceleration of the observation point in the y-direction.

acceleration response sensitivities £ ‘ 65(? and B/ ‘ 82(? were
J J
obtained by calculating the mean of absolute value of the Bf =
J

and

85 Y The results were shown in Table 2.

J

As can be seen from the table, the acceleration response sen-
sitivity in the y direction of the observation point was gener-
ally larger than that in the x direction, which indicates that the
influence of the change of the random parameters on the accel-
eration response in the y direction was larger. In addition, the
effects from the mess parameters m, Joz, Joy, and J,., and dy-
namical parameters k£ and c on the sensitivity of the response
were relative low. Thus, they can be used as the determina-
tion of the parameters, while the geometrical parameters [1, 2,
l3, and 4 had a higher impact on the response sensitivity, and
should be treated as random parameter.

5.3. Mean and Standard Deviation Analysis
of Observation Point

In this case, the guide rail excitation is deterministic. The
acceleration response’s standard deviations (SD) of the obser-
vation point in the x direction and y direction at the first second
were calculated, then SDs of the acceleration response were
divided by the acceleration mean value (MV) based on pertur-

bation theory to obtain the coefficient of variation (CV). The
results were shown in Table 3.

From the table, the variation coefficient of the acceleration
response were generally around 1 in the case of the random pa-
rameters of the variation coefficient CV equal to 0.05. More-
over, after comparing the determine part of the acceleration
and the total acceleration image at the observation point, it can
be shown that the actual response of the discrete degree was
large.

In conclusion, the randomness of the design parameters of
the elevator car system had an obvious effect on the accelera-
tion of the center of the elevator car.

6. CONCLUSIONS

In this paper, an elevator car vibration model with random
parameters was established, and the dynamic response expres-
sions for determining random parts of an arbitrary point were
established by using stochastic perturbation theory. The cal-
culation results showed that the randomness of the structural
parameters had a certain effect on the response.

Response sensitivity expression can be applied in solving
the transverse acceleration response’s sensitivity of each ran-
dom parameter to the observation point. The acceleration sen-
sitivity of geometrical parameters was much higher than the
mass and dynamic parameters. For convenient calculation, the
random parameters with a relative lower acceleration response
sensitivity were simplified as the determining parameters. In
the manufacturing and installation processes the parameters
with higher sensitivity should be strictly controlled.

Based on the analysis of the response characteristics of the
acceleration, the random parameters caused the coefficient of
variation of the acceleration response becoming larger, which
further confirms that the random parameters have a greater im-
pact on the response. The random parameters cannot be sim-
plified to the determining parameters.
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