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Abstract: To effectively control the horizontal vibration of high-speed elevator car system caused by the
factors such as the irregularity of the guide rail and the nonlinearity of spring-damping in guide shoes,
this paper proposes an active disturbance rejection (ADR) control method based on fuzzy sliding mode.
Firstly, considering the nonlinear characteristics of the spring-damping in the guide shoes, the horizontal
vibration dynamic model of the elevator car system is established. Then, the guide rail excitation and the
linear and nonlinear disturbances of the car are summarized into the total disturbances of the car system,
which can be estimated by the designed extended state observer. On this basis, a sliding mode active
disturbance rejection (SADR) control is presented, which makes the anti-vibration and anti-disturbance
control of the car system highly robust. For the chattering problem caused by sliding mode control, the
fuzzy control method is designed to eliminate it, and the fuzzy sliding mode active disturbance rejection
(FSADR) control for the horizontal vibration of the car system is further realized. Finally,
MATLAB/Simulink is utilized for simulation tests. The simulation results show that, compared with ADR
and SMADR, the root mean square value, maximum value and A95 peak value of horizontal vibration
acceleration through FSADR are significantly reduced. Therefore, the FSADR control method designed
in this paper can effectively suppress the horizontal vibration generated during the operation of
high-speed elevators.
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1. INTRODUCTION

The high-rise and super high-rise urban buildings require
elevators to provide faster running speed. However, as the
running speed of the elevator increases, the internal and
external disturbances can increase dramatically, making it
difficult to effectively control horizontal vibrations in the
elevator car system (Zhou et al., 2022; Qiu et al., 2021). In
addition, this will lead to poor riding comfort experience, and
the service life of the elevator cannot be guaranteed (Ding et
al., 2013; Qiu et al., 2020). How to effectively control the
horizontal vibration of the car system during the high-speed
operation has become one of the key technologies restricting
the development of high-speed elevators.

To solve the problem of horizontal vibration control of the
elevator car system, related experts and scholars have
conducted relevant research (Wang et al., 2022; Zhang et al.,
2019; Abdalla et al., 2018; Zhang et al., 2021). (Rajamani et
al., 1999) proposed a PID controller for the multi-input and
multi-output model of the elevator car system. (Xue et al.,
2012) adopted the control method of combining generalized
predictive control with traditional PID control, and verified
through simulation that generalized predictive PID can
effectively reduce the horizontal vibration of elevator.
(Moazen et al., 2012) introduced two different PID control
methods, compared their horizontal control effects on
elevator maglev guidance system, and finally proposed a
better PID control method to suppress horizontal vibration.

(Colon et al., 2017) established a horizontal vibration model
containing random uncertain guideway excitation, reduced
the system vibration by applying horizontal active force, and
compared the vibration effect with and without control
through chaotic polynomial and K-L method. (Feng et al.,
2009) built the horizontal vibration model of high-speed
elevator, designed a robust controller using Lyapunov method
and analyzed the effect with MATLAB/Simulink. (Nakano et
al., 2011) constructed the optimal feedback method to control
the horizontal vibration acceleration of the car system, which
realized the suppression of the horizontal vibration of the
elevator car system. (Yu et al., 2009) proposed an adaptive
controller, which verified its effect on the horizontal vibration
of the car through simulation. (He et al., 2022) proposed an
adaptive sliding mode scheme to control the horizontal
vibration of high-speed elevator car, and verified the
effectiveness of the controller. In order to enhance the
stability of elevator operation, (Hu et al., 2015) extended
integer order PID to fractional order PID, and designed a
fuzzy adaptive fractional order (PID mu) - D-lambda control.
(Chen et al., 2020) constructed the state space equation of the
elevator car system based on the linear fractional
transformation method, and designed the optimal state
feedback controller using the Hz/Hoo method. (Cao et al.,
2020) adopted linear matrix inequality (LMI) optimization
technology, and the Hz/generalized H; hybrid control strategy
is designed to improve the ride comfort of high-speed
elevators. (Santo et al., 2018) proposed a control strategy
based on Ricatti equation, and the simulation results showed
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that the proposed control strategy could effectively control
the vibration response of the car system.

In the dynamic modeling of the elevator car system, the
above research methods assumed that the model was an ideal
and accurate model. The control systems did not consider the
impact of its own design, installation uncertainty and external
disturbances uncertainty on the model, so the methods
mentioned above cannot effectively deal with the nonlinearity
and complex disturbance problems in the car system. In
practice, however, the disturbance factors such as guide shoe
nonlinearity and guide rail irregularity are widely present in
the model of high-speed elevator car system, resulting in
significant nonlinearity, uncertainty and time-varying
characteristics of the horizontal vibration response of the car
system. Therefore, the influence of these factors should be
considered in the vibration control of the elevator car system,
especially for high-speed and ultra-high-speed elevators.

The active disturbance rejection control (ADR) method does
not rely on the accurate model. It can not only use the
extended state observer (ESO) to estimate the disturbance
factors of the controlled system in real time, but also timely
compensate them through the state error feedback (SEF).
Then, the controlled object with disturbances and
nonlinearity can be expressed by standard integral series type
(Han, 2009; Gao, 2015; Jin et al., 2020). Therefore, aiming at
the problem of horizontal vibration control of high-speed
elevator car system, the active disturbance rejection control
of elevator car system is designed to eliminate the influence
of disturbances on the horizontal vibration. Due to the
nonlinear and strong coupling characteristics of the
disturbances in high-speed operation, the control accuracy
and the adaptability to environmental changes of the state
error feedback control law in ADR are difficult to meet the
actual needs of the project, and the car after compensation
still has obvious vibration. The sliding mode control is
beneficial to improve the robustness of ADR, so a sliding
mode ADR for elevator car system is designed. The fuzzy
control is used to eliminate the steady-state error after sliding
mode ADR control, so as to effectively reduce the chattering
problem, and finally realize the fuzzy sliding mode ADR
(FSADR) control of the high-speed elevator car system.

The remainder of this paper is constructed as follows. Section
2 establishes the dynamic model of the horizontal vibration of
the high-speed elevator car system. Section 3 designs the
active disturbance rejection (ADR) control, sliding mode
active disturbance rejection (SADR) control and fuzzy sliding
mode active disturbance rejection (FSADR) control of the car
system. Simulation results for horizontal vibration control of
the car system are given in Section 4. Then conclusions are
drawn in Section 5.

2. DYNAMIC MODEL OF HORIZONTAL VIBRATION IN
ELEVATOR CAR SYSTEM

The research object of this paper is the horizontal vibration of
the elevator car system. In order to conform to the actual
operation of the elevator as much as possible, the following
assumptions are made (Wang et al., 2020). The car and car
frame are rigid bodies, the rubber block is a linear

spring-damping system, and the guide shoe is a nonlinear
spring-damping system.

The horizontal vibration model of high-speed elevator car
system is shown in Figure 1.
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Fig. 1. Nonlinear horizontal vibration model of high-speed
elevator car system.

The dynamic equation of horizontal vibration of high-speed
elevator car system is established,
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where X is the horizontal displacement of the elevator car's
center of mass, 6, is the tilt angle of the car around its center
of mass O,, x,is the horizontal displacement of the car
frame's center of mass, and @, is the tilt angle of the car
frame around its center of mass O, .c,(i=1234) and
k,(1=1,2,3,4) represent the damping and stiffness coefficients
of the rubber block , respectively. The guide rail irregularity
excitation is x,(i=1234) . f and f, are the active
control forces between the car and the car frame; f,
and f, are the active control forces on the guide shoes,
respectively. k;(i=1,2,3,4) and c,(i=1234) are the linear
stiffness and linear damping coefficients of the guide shoes,
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respectively. d.(i=1,2,34) describes the  nonlinear
characteristics of the guide shoe spring and damping:

d; =kg; - 25 +Cpy .|zgi|+cni\ﬂg|sgn(z’gi),i =1234 (5)

where kg (i=12,34) are the nonlinear spring coefficients,
C, and c, are the damping correction coefficients and
damping nonlinear correction coefficients, respectively.

Actually, the change range of car and car frame around the

center of mass tilt angle 6, and 6, is very small, so the
displacement of car frame can be expressed as:

2y, =X, +hysind, —x; = X, +h0; — X, (6)
Z,, =X, —h,sin€; —x; =X, —h,0; —x; (7
Zys = X3 HhSiNO; —X; = X5 + 0, —X; (8)
Zy, =%, —h,siNO; =X, =X, —h,0; — X 9)
Similarly, the deformations of the rubber blocks

z,(i=12,3,4) meet the following relationship:

Z, =X, +hsing,—h;sing, —x. = x, +h6. —h06, —x. (10)
z, =X, —h,sin@, +h;sing; —x, = X, —h,0, +h,6, —x. (11)
Z, =X; +hsing, —h;sing, —x, = x; +h6, —h.0, —x. (12)
z, =%, —h,sin@. +h;sin@, —x. = x; —h,0, +h,6, —x, (13)

3. DESIGN OF THE FSADR CONTROLLER FOR THE
ELEVATOR CAR SYSTEM

The performance index for horizontal vibration of high-speed
elevator car systems is the car horizontal vibration
acceleration (Liu et al., 2020; Zhang et al., 2018), so the
control objectives of the controller established are X and
[
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Fig. 2. FSADR block diagram of car horizontal vibration.

In this section, the fuzzy sliding mode active disturbance

rejection (FSADR) control of the car system is designed.
Firstly, the extended state observer (ESO) is constructed and
the active disturbance rejection (ADR) control of the car
system is designed. Then, the sliding mode active disturbance
rejection (SADR) control of the car system is constructed to
improve the robustness of the controller. Finally, the fuzzy
sliding mode active disturbance rejection (FSADR) control is
designed to compensate the factors that affect the horizontal
vibration of the elevator car system as much as possible, that
is, to minimize the values of x_,d, and their accelerations.
The FSADR control block diagram of the car system is
shown in Figure 2.

3.1. Design of the ADR controller applied to car system

The extended state observer (ESO) in ADR can estimate the
disturbances of the car system, which can be eliminated by
state error feedback (SEF). ADR controller is designed as
follows.

From equations (1) to (4), the following can be obtained
X, =g ("+a,f+a,f, +a,f,+a,f,

t'9c = gz(*) +ay fl + 8y f2 + 8y fs + 8y f4

Xp =0s(0)+ay f+a,f, +a,f;+a,f,

éf = 94(*) +a, f1 +a, fz +ay f3 +a, f4

ylzxc’yzzec!y3zxf!y4=0f

(14)

where g,(*) = ,(2, 2,24, 20,0y, 24, 24, 244, 24,0, ) is the total
disturbances of the car system. The linear and nonlinear
spring-damping of the guide shoe, linear rubber blocks, and
guide rail excitation are included in the total disturbances.
The equivalent control force U, (U, =) a;f.i,j=1234) is
introduced in the following form, that isi,’jthe operation sum of
each active control force f; is regarded as the equivalent
control force.

Ul a11f1+a:12f2+a13f3+a14f4

UZ _ a21f1+a22f2+a23f3+a24f4 :AF (15)
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The equivalent control force can be obtained by ADR, and
then the active force of the car system can be further
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calculated.

Decouple the multi-input and multi-output elevator car
system (14) into the following single-input and single-output
integral series system
¥y = gl(*)+U1’ Y =X
yz = gz(*)+uzr Y, = Gc
Yo =05(*) +Ug, Y5 = X,
V.o =09,(:)+U,,y, =6

(16)

For the four subsystems in equation (16), the disturbance
acceleration g;(+) acting on the car system is expanded to a
new state variable x,, and x;(t)=w(t) is recorded, then
the expanded state system with disturbances is obtained

Xy = Xz

Xiz = Xiz +Ui

Xi3(t):W(t)

Y, =X%,,1=12,34
For the extended state, a linear extended state observer
(LESO) is further designed as follows:

(17)

4, =2, + (Vi - 2,)
2y =25+ B (¥i — 2) + U,
ziSZIBiS(yi_Zil)’ i1=1234

(18)

where, z,,,Z, and Zz,; are the outputs of ESO, estimating
the system output signal Y;, the derivative Y, of the system
output signal, and the total disturbance signal g;(*) ,
respectively. The control signal U, and system output vy,
are the inputs of ESO. 4;, j=12,3 is the gain of the extended
state observer, which can track the variables of the system
and make the observation error smaller and smaller. That is,
the estimated state is getting closer and closer to the real state,
so that the estimated state and the real state completely
overlap. To make the system stable, the observer is designed
by pole assignment method. If all poles are selected at
w,(@, >0), there is B,=3w,,8,=3x}and B,=a. , where

the adjustable parameter @, is the observer bandwidth.

For the aforementioned elevator car system horizontal motion
system equation (16), in order to obtain the output control
force, the designed state error feedback control law is

Uy = kip (Vil - Zi1)+ Kig (Viz - Ziz)_ 2,1=1234 (19)
where v, and V,, are the reference input signals and their
derivatives of the corresponding subsystems, respectively.
The coefficientsk,and k; are defined as k, =] k, =20,
where o, is the controller bandwidth.

c 1

3.2 Design of the SADR controller

The car system ADR controller uses the ESO to estimate and
compensate the total disturbances, so as to control the
horizontal vibration of the car system. However, the SEF of

ADR is essentially PD control. When facing the nonlinear
and coupling complex car disturbances, it will produce a
large overshoot, resulting in poor dynamic performance of
the control. Therefore, the SEF in ADR needs to be modified.
By sliding mode control, the system is forced to move into
the designed sliding mode surface to enhance the disturbance
rejection capability of ADR. The design of sliding mode
controller consists of two steps: designing sliding mode
surface and determining reaching law.

For the subsystem in equation (16), construct the slip surface
function as

S =BE,+E, (20)
where
S €u € ¢ 0 0 O
5= S, E,- €, ,EZ:ezz p= 0 c, 00
S, €5 €, 0 0 c; O
S, €, €, 0 0 0 ¢,

—c (i=1---,4) is the dynamic pole of sliding mode motion.

Select the constant reaching law, and the expression

g 0 0 O
0 0 0
is S=-esgn(S) , where g= 2 ,
0 ¢ O
0 0 0 g
sgn(s,)
sgn(s;,) . -
sgn(S)= , &(1=12,3,4) are positive parameters,
(S) san(s,) | 4 )
sgn(s,)
and sgn represents a symbolic function.
Select Lyapunov function V =(1/2)s* ,

V =s§=s(-esgns)=—¢|s|<0 ,then the sliding mode
function s—0, thus tracking error €, 0. €, =V, -V,
then y, =V, , that is, the actual output Y; of the car system
can be tracked to the expected output Vv,; under the action of
the controller.

At the sliding mode surface, S=pE,+E,=0 ,then the
equivalent control law is obtained as
Uegi = G; (Vip — Zj5) + Vi — 2j5,1=1,2,3,4.

The SADR control law is the sum of equivalent control and
switching control, and the output of the controller is

Ug =6 (Vi, —2,) + Vi, — 2, —&s0ns;,i =1,2,3,4 (21)

3.3 Design of the FSADR controller

The sliding mode control is a discontinuous switching
characteristic control in essence, which will cause chattering
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problem in the sliding mode surface of the control system.
Then, a fuzzy sliding mode ADR controller for the car system
is designed.

The fuzzy controller in this paper is Mamdani type. A single
output and two inputs are used to form a two-dimensional
fuzzy controller. The sliding mode switching surface function
s(t)(i=12,3,4) and its derivative § (t) are taken as the input
variables of the corresponding fuzzy logic controller to
produce the equivalent control force U,. Define the fuzzy
variables as

{elf (t) S| (t) e|.2 +C|e|% (22)
€C;¢ ®= S ®= €2 +C&y

The design of fuzzy controller is composed of four parts:
fuzzification, knowledge base, fuzzy inference, and
defuzzification. In order to increase precision and scope of
application, the input variables take values in the interval
[-6,6]. Using triangular membership functions, there are
seven fuzzy subsets for both input and output variables,
which are NB, NM, NS, ZO, PS, PM, and PB. The fuzzy
inference rules are shown in Table 1. The fuzzy inference
method is the Mamdani method, where "and" is taken as
small, "or" is taken as large. The fuzzy implication adopts the
smaller method, the fuzzy synthesis adopts the larger method,
and the method of the center of gravity is used to solve the
fuzzy. The quantization factors k,and k. are added before
the D/F module and the scaling factor k, after the F/D
module (D/F is a fuzzification module, and F/D is a
defuzzification module). The two factors are collectively
referred to as scale transformation factors.

Based on the above control rules, the surface observation of
the logical relationship between the system inputs e,ec and
the control outputs u is shown in Figure 3.

Table 1. Fuzzy inference rules table.

ec
u NB NM NS Z0 PS PM PB

PB Z0 Z0 PS PM PM PB PB
PM NS Z0 Z0 PS PM PM PB
PS NS NS Z0 PS PS PM PM
Z0 NM NM NS Z0 PS PM PM
NS NM NM NM NS Z0 PS PS
NM NB NB NM NM Z0 Z0 PS
NB NB NB NB NM NS Z0 Z0

Finally, a novel FSADR controller of the car system is

obtained, and the specific structure is shown in Figure 4.
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where x is the fuzzy set domain, and 4, (X) represents the
membership.

4. SIMULATION ANALYSIS

To verify the effectiveness and feasibility of the fuzzy sliding
mode active disturbance rejection (FSADR) control of the
elevator car system designed in this paper, the simulation
tests of the horizontal vibration of the 7m/s high-speed
elevator car system are carried out using MATLAB/Simulink.
The basic parameters of the controller are chosen as follows:
the observer bandwidths are @,=42, w,, =50, o, =46,
w,, =43 the controller bandwidths are , m =13, o, =23,
w,, =3.8,w, =15, respectively. The detailed parameters of
the high-speed elevator are shown in Table 2.

Guide rail excitation is the main factor causing horizontal
vibration of high-speed elevator car (Crespo et al., 2018; He
et al., 2021). Due to the inevitable machining errors and
bending deformations during the processing of the guide rail,
there must be some irregularities on the surface of the guide
rail, resulting in random excitation of the car system. In
addition, steps and surface notches of the rail joints can also
generate impulse excitation. Therefore, this paper adopts two
typical forms of random excitation and impulse excitation as
the guide rail excitation.
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Table 2. Parameters and physical significance in the elevator car system model.

Parameters Unit Value Parameters Unit Value
Car moment of inertia Ic kgxm? | 1.8e3 Car frame moment of inertia I kgxm? | 2.8e3
Car mass mc kg 1.2e3 Car frame mass ms kg 7.5e2
Rubber block stiffness ka1,2.34 N/m 2.0e5 Guide shoe linear stiffness kg1,2,3.4 N/m 2.0e4
Rubber block damping €a1,2,3,4 Nxs/m | 2.25e2 | Guide shoe linear damping Cg1,2,34 Nxs/m | 1.0e2
Damping correction coefficients Cm1,2,3.4 Nxs/m | 20 (E)amplng nonlinear correction coefficients Nxs/m | 20
ni,2,3,4
Nonlinear spring coefficients Kgi1,2,3.4 N/m 2.0e6 The vertical distance from the rubber block to m 1.17
the mass center of car hy
The vertical distance from the rubber block The vertical distance from the guide shoe to
m 1.18 m 1.20
to the mass center of car hz the mass center of car frame hs
The vertical distance from the guide shoe The vertical distance from rubber block to the
m 1.80 m 1.075
to the mass center of car frame hs mass center of car frame hs
The vertical distance from rubber block to m 1.275 / / /
the mass center of car frame he
Guide rail
excitation
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Fig. 4. Structure of FSADR controller.

4.1 Horizontal vibration control of elevator car system under
random excitation of guide rail

The random excitation of the guide rail surface is Gaussian
random process signal with mean value of 0 and standard
deviation of 0.6 mm. Active disturbance rejection (ADR),
sliding mode active disturbance rejection (SADR) and fuzzy
sliding mode active disturbance rejection (FSADR)
controllers are used to reduce the horizontal vibration of the
car system respectively. The simulation test results are shown
in Figures 5 and 6.

The change of horizontal displacement and tilt angle of
elevator car system is shown in Figure 5. It is obvious to see
that the FSADR controller can effectively reduce the
horizontal displacement x, and tilt angle 6., under the
disturbances of nonlinear guide shoes and random excitation
of guide rail. The vibration is significantly reduced, and the
recovery time of the steady state is faster than the controllers
ADR and SADR, that is, FSADR has good dynamic
performance and strong robustness. The FSADR control
effect of horizontal vibration is significantly better than that
of ADR and SADR.

Figure 6 shows the time domain diagrams of the horizontal
vibration acceleration % and tilt angle acceleration & of
the car after control. As shown in Figure 6, the horizontal
vibration acceleration of ADR and SADR has obvious
fluctuations. The horizontal acceleration values and tilt angle
acceleration values of FSADR elevator car are significantly
smaller than those under ADR, indicating that the FSADR
method proposed in the paper has advantages compared with
ADR and SADR.

Figure 7 shows the frequency domain characteristics of
horizontal vibration acceleration %, and tilt angle acceleration
6, . It can be seen that the peak value of low frequency
amplitude of the car controlled by FSADR is significantly
reduced, and the peak value of vibration is obviously
controlled within the range of 1-3Hz.

Figure 8 compares the data distribution of horizontal
displacement X, and tilt angle &, under three controllers.
The fluctuation of horizontal displacement and tilt angle
controlled by ADR is maximum, and the data is unstable. The
effect of SADR is better than that of ADR, while the control
effect of FSADR is the best. The results show that the
horizontal displacement and tilt angle of FSADR are stably
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controlled, and the horizontal vibration is effectively
suppressed. Similarly, Figure 9 shows that the horizontal
vibration acceleration % and tilt angle acceleration &, are
effectively controlled under FSADR control.

Tables 3 and 4 show the numerical responses of the three
controllers for the car's horizontal vibration acceleration X
and tilt angle acceleration &, respectively. Compared with
the uncontrolled values, the ADR reduces the MAX, RMS,
peak-to-peak and A95 values of the car horizontal vibration
acceleration by 28.5%, 37.1%, 29.2% and 37.2%,
respectively, with a reduction in the range of 28.5% to 37.2%.
The reduction range of SADR control is 51.5%~57.5%. The
best control system is FSADR, which reduced the MAX and
RMS wvalues of horizontal vibration acceleration by
approximately 60.4%~69.4%, a reduction of approximately
1.98 and 1.17 times that of the ADR and SADR controllers.
These results further confirm the effectiveness and robustness
of FSADR.

Similarly, Table 4 shows the control effect of tilt angle. The

MAX, RMS, peak to peak value and A95 values of tilt angle
obtained by ADR all decrease by 61.0%~65.9%. However,
under the action of the SADR, these values are reduced by
73.6%~76.8%. The proposed FSADR control reduces these
values by 75.0%~86.1%, which is approximately 1.26 times
of the ADR control effect and 1.08 times of the FSADR
control effect.

From the above analysis, it can be seen that after using
FSADR control, the horizontal vibration values of the car
under random excitation decrease most obviously, the
dispersion of the data is small, and the peak-to-peak values
descend significantly. The overall data shows that the
FSADR is 1.61 times more effective than the ADR control
and 1.12 times more effective than the SADR control, both
indicating that FSADR control is the best of the three. The
results show that the proposed FSADR active control has a
great effect on suppressing horizontal vibrations generated by
random guideway excitation and improving smoothness,
resulting in satisfactory car system performance, stable
system attitude and improved ride comfort.
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Fig. 5. Time domain response of horizontal displacement (a) and tilt angle (b) under random excitation.
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Fig. 6. Time domain response of horizontal vibration acceleration (a) and tilt angle acceleration (b) under random excitation.
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Table 3. Comparison of horizontal vibration acceleration responses under random excitation.

Acceleration X'C(m/sz)
Controller
MAX RMS Peak-to-peak A95

Uncontrolled 0.0742 0.0258 0.1562 0.0416

ADR 0.0531 0.0162 0.1107 0.0261
(128.5%) (137.1%) (129.2%) (137.2%)

SADR 0.0360 0.0111 0.0702 0.0177
(151.5%) (156.9%) (155.1%) (157.5%)

0.0294 0.0079 0.0605 0.0133
FSADR (160.4%) (169.4%) (161.3%) (167.9%)

Table 4. Comparison of tilt angle acceleration responses under random excitation.

Acceleration 6 (rad/s?)

Controller
MAX RMS Peak-to-peak A95

Uncontrolled 0.0110 0.0036 0.0209 0.0059

ADR 0.0038 0.0012 0.0081 0.0020
(165.9%) (164.9%) (161.0%) (165.6%)

SADR 0.0028 0.0009 0.0055 0.0014
(174.8%) (175.6%) (173.6%) (176.8%)

FSADR 0.0024 0.0005 0.0052 0.0008
(178.2%) (186.1%) (175.0%) (185.8%)

4.2 Horizontal vibration control of elevator car system under
impulse excitation of guide rail

In this subsection, the impulse excitation with an amplitude
of 5mm is designed. Simulation tests compare the
suppression effects of ADR, SADR and FSADR on the
horizontal vibration of the car system. The impulse signal is
shown in Figure 10.

x107
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Fig. 10. Impulse excitation signal of the guide rail.

Under the impulse signal disturbances, Figure 11 compares
the displacement x.and tilt angle 6. changes of the car
horizontal vibration. It can be seen that the horizontal
vibration of ADR and SADR is obvious. FSADR control can
significantly reduce the peak value of the car horizontal
displacement and tilt angle. Meanwhile, FSADR can reach
the stable state faster and has stronger robustness.

As can be seen from Figure 12, compared to ADR and SADR,
the car horizontal vibration acceleration X_ and the tilt angle

acceleration 6, are both controlled to a certain extent by
FSADR, with faster convergence times and smaller
fluctuations. The performance of SADR is better than that of
ADR. But for impulse excitation, FSADR has better
suppression effect in the vibration process of elevator car
system, which can make the system recover smoothly faster
and is not vulnerable to disturbance.

Table 5 and Table 6 show the numerical comparison of
horizontal vibration acceleration % and tilt angle
acceleration &, of high-speed elevator car under impulse
excitation. In Table 5, compared with the uncontrolled
controller, the horizontal acceleration RMS values of the
ADR controller, the SADR controller and the proposed
FSADR are reduced by 42.8%, 58.0% and 66.0%,
respectively. The overall control effect of FSADR is 1.71
times that of ADR, and 1.16 times that of SADR. In Table 6,
compared with the uncontrolled controller, the reduction
range after ADR controller is 23.4%~36.1%, and the
reduction range under the action of SADR controller is
42.0%~56.3%. Compared with the other two controllers, the
tilt angle acceleration of FSADR decreases by 54.0%~69.5%,
and the reduction range is about 2.29 and 1.27 times that of
ADR and SADR controllers. Therefore, FSADR has a good
control effect on the guide rail impulse excitation. Through
the above simulation analysis, the proposed FSADR has
more effective control performance than ADR and SADR. It
can be seen that FSADR can not only effectively suppress the
horizontal vibration of the high-speed elevator car system,
but also reduce the peak vibration and shorten the time to
reach the steady state for disturbances such as the excitation
of guide rail and guide shoe nonlinearity. The effectiveness of
the proposed FSARD control method is fully proved, which
shows that the method is suitable for the horizontal vibration
control of high-speed elevators.
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Fig. 11. Comparison of horizontal displacement (a) and tilt angle (b) under impulse excitation.
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Table 5. Comparison of horizontal vibration acceleration responses under impulse excitation.

Acceleration %, (m/s?)
Controller
MAX RMS Peak-to-peak A95

Uncontrolled 4.676E-02 1.773E-02 9.405E-02 3.373E-02
3.451E-02 1.015E-02 6.910E-02 2.097E-02

ADR (126.2%) (142.8%) (126.5%) (137.8%)
SADR 2.829E-02 7.449E-03 5.663E-02 1.474E-02
(139.5%) (158.0%) (139.8%) (156.3%)

FSAD 2.442E-02 6.032E-03 4.878E-02 1.254E-02
(147.8%) (166.0%) (148.1%) (162.8%)
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Table 6. Comparison of tilt angle acceleration responses under impulse excitation.

Acceleration 4, (rad/s?)
Controller
MAX RMS Peak-to-peak A95

Uncontrolled 2.298E-02 7.560E-03 4.571E-02 1.269E-02
ADR 1.748E-02 4.834E-03 3.502E-02 9.552E-03
(123.9%) (136.1%) (123.4%) (124.7%)
SADR 1.324E-02 3.301E-03 2.650E-02 6.290E-03
(142.4%) (156.3%) (142.0%) (150.4%)
1.049E-02 2.307E-03 2.101E-02 4.341E-03

FSADR
(154.3%) (169.5%) (154.0%) (165.8%)

5. CONCLUSIONS

This paper fully considers the influence of spring-damping
nonlinearity and guide rail excitation in the guide shoes on
the horizontal vibration of the high-speed elevator car system,
and proposes an effective FSADR control method. The ADR
control based on the extended state observer effectively
estimates the disturbances such as the excitation of guide rail
irregularity and the nonlinearity of the guide shoes.
Combining the advantages of the sliding mode control, the
SADR is designed to improve the robustness of the car
horizontal vibration control and reduce the steady-state error.
At the same time, the addition of fuzzy control solves the
chattering problem of sliding mode control. Finally, through
MATLAB/Simulink simulation, it is shown that FSADR
makes the indexes such as the root mean square values and
the maximum values of the horizontal vibration of the car
decrease by more than 47%, and the numerical indexes of the
tilt angle decrease by more than 54%. It is verified that the
control method has favorable performance of vibration
reduction and strong anti-disturbance ability under the effect
of interference. In addition, the research results of this paper
provide an important theoretical basis for the application of
ADRC technology in other control problems.
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