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Chapter 1 

Introduction  

1.1 Motivation  

In recent years, with the growth of urbanization, there are a lot of high-rise buildings 

constructed. It leads to the number of the high-rise elevator system is also increasing. The 

system needs to use of very long elevator cable which will have lateral sway when the high-

rise building is excited by environment excitation such as winds or earthquakes. While the 

elevator ropes vibrate, they can impact other equipment which assembles in the area between 

the building and elevator system. The life working of these rope will reduce remarkably due to 

these frequent impacts. Moreover, the vibration of the strings can grow worse, the devices that 

connect the elevator rope to the structures. Besides, the swaying of the cable can deteriorate 

equipment that connects this elevator rope to the structure. The elevator shaft is also damaged 

by these vibrations. Noticeably, due to these severe damages, the elevator system can stop 

operating suddenly or become risky to use. In addition, when the length of the elevator rope 

increases, the fundamental natural frequency of the elevator ropes become smaller. The 

resonance phenomenon can happen while the elevator system is operating, and the high-rise 

building is excited by external excitations. Therefore, research is required to analyze the 

vibration of elevator ropes under excitation and to investigate devices to reduce elevator cable 

vibration. To date, there is no research examining the simultaneous wave of an elevator 

compensation rope and main rope at varying rope lengths in a high-rise building under 

earthquake excitation. Currently, elevators will automatically stop working when impacted by 

an earthquake of severe magnitude. However, in a high-rise building, non-functioning elevators 

may trap some people on the upper floors. If the vibration of the elevator ropes can be reduced, 

the lift  may be operational. It would allow for the evacuation of residents from higher levels, 

or enable the lift  to be used to transport supplies or other items within the building. 
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1.2 Literature review 

Previous research has been conducted on lift systems. Otsuki et al. (2002) presented a 

synthesis technique of the vibration controller, which can decrease the sway of ropes. However, 

the model of elevator ropes examined in the study was not representative of real-world 

conditions such as the compensation components was not deliberate. Otsuki et al. (2006) 

considered changing the natural frequency of the elevator rope by using a vibration suppressor. 

Kimura and Nakagawa (2007) proposed a new practical method of reducing rope vibration by 

using vibration suppressors which are installed along the full length of the rope. However, both 

types of research are only considered a case that the length of the string is constant. Kimura et 

al. proposed a theoretical solution to the forced vibration of the main rope that one end moves 

with time (Kimura et al., 2007) or both ends move with time (Kimura et al., 2008). However, 

the theory assumed that the rope tension and rope velocity were constant, and the damping 

coefficient of the rope was minimal. Wang and Xu (2008) proposed an active control algorithm 

using the stiffness control method to restrain wind-rain-induced vibration of prototype cables. 

However, the authors had not considered the stability of the control method, and it may not be 

right effective under another case of environment. Kacamayczyk et al. (2009) evaluated the 

dynamics of a compensation rope in non-stationary condition. The authors indicated that the 

sway of the strings increased when the natural frequency of building approached to the natural 

frequency of these ropes. By the obtained achievements, in 2011, the authors offered a 

methodology to control the elevator rope. Nevertheless, the stability of the method was not 

considered. Bao Ji-hu et al. (2012) had inspected the vibration of a bendable string hoisting 

system. This study had not found the vibration mitigation of the rope yet. Ji-Hu Bao (2015) 

performed an analysis related to the vibration of a flexible cable with varying length. Miura 

and Kohiyama (2012) developed a feedback control method to restrain the sway of the elevator-

building. Zhu and Chen (2006) proposed an experimental technique to analyze the dynamics 

of elevator cable and indicated the effectiveness of this technique in a high-rise building with 

theoretical predictions method. Kumaniecka and Niziol (1994) examined the longitudinal-

transverse sway of varying lengths of non-linear elevator rope. A new approach to analyze the 

vibration of a hoist line is presented by Lee et al. (2002). However, the model in this research 

was not applicable in real-world situations, and the authors did not consider the reduction of 

string vibration. Zhu and Xu (2003) studied the effect of the boundary conditions with the 

bending stiffness of the elevator rope. Zhang et al. (2013) analyzed the nonlinear dynamics of 

a hoisting viscous damping cable with time-varying length. The theoretical model can be 
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helpful for the researchers to comprehend its dynamics behavior and develop a method to 

restrain the vibration of the rope. In order to suppress the wave of elevator rope, Benosman and 

Fukui (2014) presented a control methodology to change the tension of the cable. Benosman 

(2015) offered a technique to mitigate the oscillation of hoist line by using semi-active damper. 

Nonetheless, the author only considered the sway of rope with constant length.  

1.3 Objectives of the dissertation 

Through the literature survey, it can be seen that even though there are rich of researches 

about analyzing the dynamics of the elevator ropes, only a few among them are applicable in 

actual, working lift systems. Other research has considered how to reduce rope vibration with 

constant length. There are several studies focused on examining and reducing rope dynamics 

in the system with varying length.  

This dissertation presented a new method to control the vibration of the compensation rope 

with time-varying length. The stability of the method is proven by using Lyapunov theory.  

In addition, there is no research investigation simultaneous vibration control of two ropes 

with varying lengths in a high-rise building. This research presents a means to compute the 

dynamic responses of the main rope and the compensation rope simultaneously in the elevator 

system and controls the vibration of both strings with varying length. The wave of both lines 

can be reduced by using an actuator, which is attached to the compensation sheave. Based on 

Lyapunov theory, the stability of the system is proven.  

To the best of my knowledge, this has not been proposed in the past study based on GA to 

control the simultaneous vibration of the compensation rope and the main rope in a high-rise 

elevator system under earthquake excitation. In this dissertation, the control parameters are 

optimized by GA method under numerous kind of earthquakes. Then, the expected parameters 

which are used for an elevator system under another earthquake, are provided by using the 

standard deviation method. A numerical simulation is conducted to analyze the way of the 

compensation rope and the main rope with time-varying length (upward and downward). The 

simulation results verify the effectiveness of the control method to suppress the vibration of 

both strings. 
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1.4 Structure of the thesis 

In the previous section, some points issue that will be addressed in this thesis were identified 

through the introduction to the elevator rope system, literature review, and the objectives of 

this study were explained. The rest parts of the thesis are described as follows: 

Chapter 2 describes analyzing the vibration of the compensation rope with time-varying 

length and proposed a new method to control the vibration. The stability of the proposed 

method is proven by using Lyapunov theory. Numerical results show the effectiveness of the 

technique. 

Chapter 3 describes analyzing the vibration of the main rope and the compensation rope 

simultaneously with time-varying in a high-rise building under earthquake excitation. The 

numerical results show that the control method is effective to reduce the vibration of both rope 

in some case of earthquakes. 

Chapter 4 provides a way to find the optimal control parameters. These parameters are found 

by Genetic Algorithm method. Moreover, the expected values of control parameters are 

calculated using the standard deviation method.  

Chapter 5 describes analyzing the vibration of cable-guided hoisting system. The numerical 

results show that the proposed control method is also effective to reduce the wave of the 

hoisting rope in another elevator system.  

Chapter 6 summarizes the works that have been presented in the dissertation.  
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Chapter 2 

Analyze and control the vibration of high-rise compensation rope 

2.1 Dynamic of the compensation rope 

The model elevator system is shown in Fig. 2.1. This model was provided by Kaczmarczyk 

et al. (2009). This system includes an elevator car, the main sheave, a compensation rope, the 

main rope, and a compensation rope and a counterweight. In order to control the transverse 

vibration of the compensation ropes, an actuator is placed at the compensation sheave. In 

practical, the lateral vibration of the compensation sheave is minimal compared to the lateral 

wave of the main sheave. Therefore, it is better to install the actuator at the compensation 

sheave than to install it at the main sheave. This equipment requires a control signal force, 

which is proposed in the next section. When the equipment receives a control signal force, it 

responds by converting the signal into power. That force will have an impact on the rope 

tension. In this study, the car can be calculated as a point mass. Therefore, the equation of 

motion of the compensation rope can be written as follows: 
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   (2.1) 

where c
�S is the compensation rope mass density, �	 �
a t  is the acceleration of the car, �	 �
v t  is 

the velocity of the car, and cc  is the damping coefficient of the compensation rope. �	 �
w ,
c

x t  

is the transverse displacement of the compensation rope at �	 �
0, cx l t�  �¯�‰�¡ �°�¢ �±
. The tension of the 

compensation rope is �	 �
,
c

T x t .  
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Fig. 2.1 Model of Elevator 

The actuator will change the tension of the compensation rope when the rope vibrates. 

Therefore, the tension can be described as follows: 

without the actuator: 

�	 �
 �	 �
�	 �
1
, ,

2c s c
T x t M g x g a t�S�� �� ��  (2.2) 

with the actuator: 

�	 �
 �	 �
�	 �
1
, ,

2c s c
T x t M g x g a t U�S�� �� �� ��  (2.3) 

  



7 
 

 

Fig. 2.2 Force schematic diagram of the compensation rope 

where s
M  is the mass of the compensation sheave, and U  is the control force which is applied 

by the actuator. The schematic tension diagram of the compensation rope when the elevator car 

is at the highest location without actuator is described in Fig. 2.2 

In practice, the compensation sheave vibrates insignificantly so that the lateral vibration of 

this sheave is omitted. In order to compute the displacement of the compensation rope under 

external excitation, this transverse rope response can be written as follows: 
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where �	 �
,cw x t  is the vibration of the compensation rope and satisfied the boundary conditions, 

and �	 �
2
f t  is the vibration of the car due to environmental disturbance. 

The boundary conditions are acquired as: 

�	 �
0, 0,cw t ��  

�	 �
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, 0.
c c

w l t t ��  

(2.5) 

The solution of the vibration of the rope �	 �
,
c

w x t  is obtained as: 
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where �	 �
cjq t  1,...,j N��  is the modal coordinate respect to �	 �
,cw x t , 
�	 �
cj

c

x

l t
�K

�• �¬�­�ž �­�ž �­�ž �­�ž �­�­�ž�Ÿ �®
 is the mode 

shape, and N  is the number of modes. The mode shape can be described as:  
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(2.7) 

The mode shapes used are normalized, so that: 
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A new variable is given as: 
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This new variable describes the varying domain �	 �
0,
c
l t�  �¯

�¡ �°�¢ �±
 for x  to a stable domain 0,1�  �¯�¡ �°�¢ �± for 

c
�[ . Hence, the above normalization in the new variable can be written as follows: 
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The solution of the vibration of the rope �	 �
,cw x t  can be rewritten by the new variable as 

follows: 
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Substituting Eq. (2.13) into Eq. (2.4), the partial derivatives of the compensation rope 

dynamic response can be calculated as: 
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Substituting Eqs. (2.14) - (2.23) in Eq. (2.1) yields: 
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(2.24) 

Multiplying Eq. (2.24) by �	 �
ci c�K �[  and integrating this equation in the stable domain [0, 1] 

the equation of motion is as follows: 
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c c

c

c cj c ci c c

c

c

c c c

c c ci c c

c

g a t g a t
d d

l t l t

c v t
d

l t

v t v t a t
f t f t f t f t

l t l t l t

v t
c f t f t d

l t

�S �S
�[ �K �[ �K �[ �[ �K �[ �K �[ �[

�[ �K �[ �K �[ �[

�S

�[ �K �[ �[

�� ��
�� ��

�¯
�°�� �� �°
�°�±

�£ �  �¯�¦�¦ �¡ �°�¦�� �� �� �� ���¤ �¡ �°�¦ �¡ �°�¦ �¢ �±�¦�¥
�²�  �¯�¦�¦�¡ �°�¦�� �� �»�¡ �°�¦�¡ �°�¦�¢ �±�¦�¼

�¨

�¨ �¨

�¨

���� ��

��

�� ����

��

�	 �

�	 �

�	 �


�	 �
 �	 �

�	 �


�	 �
 �	 �

�	 �


�	 �
�	 �

�	 �


�	 �
 �	 �

�	 �

�	 �


�	 �


1

2 2

2

1
2 2

2
0

2

,

c

c c

cc

c ci c c

c c c

f t v t f t
v t

l t l t

g a ta t f t f t
f t c v t d

l t l t l t

�S

�S�S
�K �[ �[

�£ �  �¯�¦�¦ �¡ �°�¦�� �� ���¤ �¡ �°�¦ �¡ �°�¦ �¢ �±�¦�¥
�²�¦�� �¦�¦�� �� �� �»�¦�¦�¦�¼

�¨

�¨

��   

 

 

 

 

 

 

 

 

 

(2.25) 

The matrix form of the equation of motion can be presented as follows: 

�	 �
�� ,c c c c c c c cU�� �� �� ��M q C q K q F���� ��   (2.26) 

where c
q  is generalized coordinates of the compensation rope in a matrix form, and c

M  is the 

mass matrix of the compensation rope, c
C  is the damping matrix of the compensation rope and 

c
K  is the stiffness matrix of the compensation rope. The elements of these matrices are 

obtained as: 

T

1 2
... ,

c c c cN
q q q�  �¯�� �¡ �°�¢ �±

q   (2.27) 
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,
cij c

�S �E��M   (2.28) 

�	 �

�	 �


�	 �
 �	 �
 �	 �

1

0

2 1 ,
cij c c cj c ci c c c

c

v t
d c

l t
�S �[ �K �[ �K �[ �[ �E�� �� ���¨C ��   (2.29) 

�	 �

�	 �
 �	 �
 �	 �
 �	 �


�	 �

�	 �


�	 �
 �	 �
 �	 �


�	 �

�	 �
 �	 �


�	 �
�	 �

�	 �
 �	 �
 �	 �


�	 �
�	 �

�	 �
 �	 �
 �	 �


�	 �

�	 �


�	 �
 �	 �
 �	 �


1

0
2 1

2

2
0

1

2
0

1

0

1

0

1

0

1

1

2

2

1 ,

cij c c cj c ci c c

c

c c cj c ci c c

c

s
cj c ci c c

c

c

c cj c ci c c

c

c

cj c ci c c

c

c

c cj c ci c c

c

a t
d

l t

v t
d

l t

M g U
d

l t

g a t
d

l t

g a t
d

l t

c v t
d

l t

�S �[ �K �[ �K �[ �[

�S �[ �K �[ �K �[ �[

�K �[ �K �[ �[

�S
�[ �K �[ �K �[ �[

�S
�K �[ �K �[ �[

�[ �K �[ �K �[ �[

�� ��

�� ��

��
��

��
��

��
��

�� ��

�¨

�¨

�¨

�¨

�¨

�¨

K ��

����

����

����

��

��

  

 

 

(2.30) 

�	 �

�	 �


�	 �

�	 �

�	 �


�	 �

�	 �

�	 �


�	 �
 �	 �


�	 �

�	 �

�	 �


�	 �
 �	 �


�	 �

�	 �

�	 �


�	 �
 �	 �

�	 �


�	 �
 �	 �

�	 �


�	 �
�	 �

�	 �


�	 �
 �	 �

�	 �

�	 �


2

2 2 2 22

1

2 2
0

2 2 2

2

2

2

2 2

2

cij c

c c c

c c ci c c

c

c

c

c c c

c

c

c c

v t v t a t
f t f t f t f t

l t l t l t

v t
c f t f t d

l t

f t v t f t a t f t
v t

l t l t l t

g a t f t
f t c v t

l t l t

�S

�[ �K �[ �[

�S
�S

�S
�K

�£ �  �¯�¦�¦ �¡ �°�¦�� �� �� �� ���¤ �¡ �°�¦ �¡ �°�¦ �¢ �±�¦�¥
�²�  �¯�¦�¦�¡ �°�¦�� �� �»�¡ �°�¦�¡ �°�¦�¢ �±�¦�¼

�£ �  �¯�¦�¦ �¡ �°�¦�� �� �� ���¤ �¡ �°�¦ �¡ �°�¦ �¢ �±�¦�¥
�²�¦�� �¦�¦�� �� �»�¦�¦�¦�¼

�¨

F �� ����

��

��

�	 �

1

0

,
ci c c

d�[ �[�¨

  

 

 

(2.31) 

�	 �

�	 �
 �	 �
��

1

2
0

1
,

cij cj c ci c c

c

d
l t

�K �[ �K �[ �[�� �� �¨ ����   (2.32) 

where U  is the control force and 
1 if

.
0 if

i j

i j
�E

�£�¦ ���¦�� �¤�¦ �v�¦�¥
 

2.2 Design the controller for compensation rope based on Lyapunov theory 

In this section, a controller is proposed to dampen the vibration of the compensation rope. 

Based on the Lyapunov theory, the stability of the control method is analyzed.  
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In 2014, Benosman and Fukui proposed a control method for the main rope in considering 

two cases of the elevator system including the elevator system has no external disturbance with 

a constant length, and the elevator system has external disturbance and constant length. In 2015, 

Benosman provided a control method for semi-active to reduce the vibration of the main rope. 

The technique had also analyzed the stability in two cases of the elevator system as in his 

previous research (2014). These research did not consider the stability of the control method in 

cases the varying-length of rope. In this section, a new control method is proposed and is 

analyzed in 4 cases of elevator system including elevator system has no external disturbance 

and constant length, elevator system has external disturbance and constant length, elevator 

system has no external disturbance and varying-length, elevator system has external 

disturbance and varying-length. Moreover, the control parameters are optimized to control the 

vibration of both ropes and are described in Chapter 4. 

Theorem 1: Consider the system with the governing equation as Eq. (2.26), the controller 

is presented as: 

�	 �
�. ��Tsign ,c c c c c cU �R�� ��q q q�� ��   (2.33) 

where �. 1 2
...

c c c cN
�B �B �B�  �¯�� �¡ �°�¢ �± , 1,...,ci i N�B ��  are positive. 

In the case without environmental excitation and static car, the system is stable at the 

equilibrium point�	 �
0,0 . 

Proof: A function is defined as: 

�	 �
�	 �
 �	 �
 �	 �
 �	 �
��
1 1

,
2 2

T T
c c c c c c c c c

V t t t t�R�� �� ��q K q q M q�� ��   (2.34) 

where c
�R is satisfied a condition: �	 �
�	 �
 �	 �
��T

c c c c c
t t�R��q K q  is positive. 

According to Eq. (2.28), c
M  is a positive definite matrix leading to the expression 

�	 �
 �	 �
T
c c c

t tq M q�� ��  is positive. Therefore, Eq. (2.34) is positive definite. The first differential of 

the function c
V  can be computed as: 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�� �� ,T T
c c c c c c c c c c c c

V t t U t t�R �  �¯�� �� �� �� ���¡ �°�¢ �±q K q q K q C q�� �� �� ��  (2.35) 
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�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �

�� ��

.

T T T
c c c c c c c c c c c

T T
c c c c c c

V t t t U t t t

t t t t

�R�� �� ��

�� ��

q q q q q K q

q K q q C q

�� �� �� ��

�� �� ��
  (2.36) 

Substituting Eq. (2.33) in Eq. (2.36), the equation becomes: 

�	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �


�. �� ��

�� ��

sign

,

T T
c c c c c c c c c

T T T
c c c c c c c c c c c

V t t t

t t t t t t�R �R

�� ��

�� �� ��

q q q q q

q C q q q q q

�� �� �� ��

�� �� �� ��
  (2.37) 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
�. �� .T T
c c c c c c c c cV t t t t t�� �� ��q q q q C q�� �� �� �� ��   (2.38) 

It is certain that Eq. (2.38) is the negative definite function. Therefore, Eq. (2.34) is a 

Lyapunov function. Moreover, when the acceleration and velocity of the car approach to 0, it 

is proven that the vector cq  also reaches 0 by using Barbalat’s Lemma in Eq. (2.26). Hence, 

the system is stable at the equilibrium point (0, 0). Therefore, Theorem 1 is proven. 

Assumption 2.1: The input from environment �	 �
2
f t  induces the vibration of the ropes. 

Therefore, the value of the function �	 �
c
tF  is within a certain range, and it is 0

c
�F ��  satisfied: 

�	 �
 .
c c

t �F�bF  

Theorem 2: Consider the system with the governing equation as Eq. (2.26) and the 

controller Eq. (2.33), due to environmental excitation and static car, the system will be stable 

at the equilibrium point �	 �
0,0   if there is �. 0
c

��  and it satisfies: 

�	 �
 �	 �
�. �� .T
c c c c c

t t�F �b q q��   (2.39) 

Proof: A positive function is defined as: 

�	 �
�	 �
 �	 �
 �	 �
 �	 �
��
1 1

,
2 2

T T
c c c c c c c c c

V t t t t�R�� �� ��q K q q M q�� ��   (2.40) 

where c
�R is satisfied a condition: �	 �
�	 �
 �	 �
��T

c c c c c
t t�R��q K q  is positive. 

The first differential of the function V  can be computed as: 

�	 �
�	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �
 �	 �


��

�� .

T
c c c c c c

T
c c c c c c c c

V t t

t U t t t

�R�� ��
�  �¯�� �� �� �� ���¡ �°�¢ �±

q K q

q K q F C q

�� ��

�� ��
  

(2.41) 
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Substituting Eq. (2.33) in Eq. (2.41), yields the following: 

�	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �


�. �� ��

�� ��

sign

.

T T
c c c c c c c c c

T T
c c c c c
T T
c c c c c c
T T
c c c c c c c c

V t t t

t t t t

t t t t

t t t t�R �R

�� ��

�� ��

�� ��

�� ��

q q q q q

q C q q F

q K q q K q

q q q q

�� �� �� ��

�� �� ��

�� ��

�� ��

  

(2.42) 

Using Assumption 2.1, the derivative of the cV  function is as follows: 

�	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �


�. �� ��sign

,

T T
c c c c c c c c c

T T
c c c c c

V t t t

t t t t

�b ��

�� ��

q q q q q

q C q q F

�� �� �� ��

�� �� ��
  

(2.43) 

�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
�. �� .T T T
c c c c c c c c c cV t t t t t�F�b �� �� ��q q q q C q�� �� �� �� ��   (2.44) 

The derivative function c
V  can be ensured to be negative definite with Eq. (2.44) so that 

Eq. (2.40) is a Lyapunov function. Moreover, when the acceleration and velocity of the car 

approach to 0, it is proven that the vector c
q  also reaches 0 by using Barbalat’s Lemma in Eq. 

(2.26). Hence, the system is stable at the equilibrium point (0, 0). Therefore, Theorem 2 is 

proven. 

Assumption 2.2: When the length of the compensation rope is varying :
c
l

�� ��
�l�\ �\ , it 

satisfies: �	 �
 min max
,

c c c
l t l l�  �¯�‰�¡ �°�¢ �±, �	 �
 max

0,
c c
l t l�  �¯�‰�¡ �°�¢ �±
�� �� , �	 �
 min max

,
c c c
l t l l�  �¯�‰�¡ �°�¢ �±
���� ���� ���� , t

��
�� �‰�\ , where 

min cmax max min max
, , , ,

c c c c
l l l l l�� ���� ����  are constants. 

Theorem 3: Consider the system with the governing equation as Eq. (2.26) and the 

controller Eq. (2.33), with no environmental excitation and mobile car, the system will be stable 

at the equilibrium point�	 �
0,0 , or 0
c

�lq  when t �l �d . 

Proof: A positive function is defined as: 

�	 �
�	 �
 �	 �
 �	 �
 �	 �
��
1 1

,
2 2

T T
c c c c c c c c c

V t t t t�R�� �� ��q K q q M q�� ��   (2.45) 

where c
�R is satisfied a condition: �	 �
�	 �
 �	 �
��T

c c c c c
t t�R��q K q  is positive. 
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Proof: The positive definite function cV  is made definite as Eq. (2.47). The first differential 

of the function c
V  can be computed as: 

�	 �
 �	 �
 �	 �
�	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �
�	 �
 �	 �


�	 �
 �	 �
 �	 �
�	 �
 �	 �


��

��

��
1

.
2

T
c c c c c c

T
c c c c c c

T
c c c c c

V t t t t

t t t t U t

t t t t

�R

�R

�� ��
�  �¯�� �� �� ���¡ �°�¢ �±

�� ��

q K q

q C q K q

q K q

�� ��

�� ��

�� ��

  
 

(2.46) 

Substituting Eq. (2.33) into Eq. (2.46), yields: 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �


�	 �
 �	 �
 �	 �
�	 �
 �	 �


�� ��

�. �� ��

��

sign

1
.

2

T T T
c c c c c c c c c c c c

T T T
c c c c c c c c

T
c c c c c

V t t t t t t t t

t t t

t t t t

�R �R

�R

�� �� �� ��

��

�� ��

q q q q q C q

q q q q q

q K q

�� �� �� �� ��

�� �� ��

�� ��

  
 

(2.47) 

�	 �
 �	 �
 �	 �
 �	 �


�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �


�. �� ��

��

sign

1
.

2

T T
c c c c c c c c c

T T
c c c c c c c c

V t t t

t t t t t t�R

��

�� �� ��

q q q q q

q K q q C q

�� �� �� ��

�� �� �� ��
  (2.48) 

Using Assumption 2.2 gives the condition: 

:c
�� ��

�� �l�\ �\ , and satisfies: �	 �
 �	 �
�	 �
��
1

.
2 c c c n n

t t c�R
�q

�� �bK I�� ��   (2.49) 

Based on Eq. (2.48) and Eq. (2.49): 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�. �� 2 .T T
c c c c c c c c c c

V t t t t t c t�b �� �� ��q q q q C q q�� �� �� �� ��   (2.50) 

Case 1: �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�. �� 2 0T T
c c c c c c c c c

t t t t t c t�� �� �� �bq q q q C q q�� �� �� �� . In this case, the negative 

of the derivative of the cV  function is obtained. As with Theorem 1, it is also evidenced that 

the system is stable at the equilibrium point (0, 0).  

Case 2: �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�. �� 2 0T T
c c c c c c c c c

t t t t t c t�� �� �� ��q q q q C q q�� �� �� �� . The following can be 

written: 

�	 �
2 .c cV c t�b q��   (2.51) 

Thus, it can be concluded that c
V  is bounded, and: 
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�	 �
�	 �
 �	 �
�	 �

0

0 ,0 , t .
t

T
c c c c c c

V V t c dt���d �� �� �p �� �¨q q q q   
(2.52) 

Based on Barbalat’s Lemma, it is concluded that �	 �
lim t c t�l���d ��q 0. Therefore, 

Theorem 3 is proven. 

Theorem 4: Consider the system with the governing equation as Eq. (2.26) and the 

controller Eq. (2.33), with environmental excitation and a mobile car, the system will be 

stable at the equilibrium point�	 �
0,0 , or c
�lq 0 when t �l �d  if �.

c  is positive and satisfied 

Eq. (2.39). 

Proof: A positive function is defined as: 

�	 �
�	 �
 �	 �
 �	 �
 �	 �
��
1 1

,
2 2

T T
c c c c c c c c c

V t t t t�R�� �� ��q K q q M q�� ��   (2.53) 

where c
�R is satisfied a condition: �	 �
�	 �
 �	 �
��T

c c c c c
t t�R��q K q  is positive. 

The first differential of the function cV  can be computed as: 

�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �


�	 �
 �	 �
 �	 �
�	 �
 �	 �

�	 �
 �	 �
 �	 �
�	 �
 �	 �


��

��

��

1
2

.

T
c c c c c c c c

T
c c c c c

T
c c c c c

V t t t U t t t

t t t t

t t t t

�R

�R

�  �¯�� �� �� �� ���¡ �°�¢ �±

�� ��

�� ��

q K q F C q

q K q

q K q

�� �� ��

�� ��

��

  

 

(2.54) 

Substituting Eq. (2.33) into Eq. (2.54) gives: 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �


�	 �
 �	 �
 �	 �
 �	 �
 �	 �
�	 �
 �	 �


�. ��

��
1

.
2

T T
c c c c c c c c

T T
c c c c c c c c

V t t t t t

t t t t t t�R

�� �� ��

�� �� ��

q q q q F

q C q q K q

�� �� �� ��

�� ���� ��
  

(2.55) 

Based on Assumption 2.1 and Assumption 2.2, Eq. (2.55) becomes: 

�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �
�. �� .T T T T
c c c c c c c c c c c

V t t t t t c t�F�b �� �� ��q q q q C q q�� �� �� �� ��   (2.56) 

Case 1: �	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �
�. �� 0T T T T
c c c c c c c c c c

t t t t t c t�F�� �� �� �bq q q q C q q�� �� �� �� . In this case, the 

negative of the derivative of the cV  function is obtained. As with Theorem 1, it can be 

concluded the system is stable at the equilibrium point (0, 0) . 
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Case 2: �	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �
�. �� 0T T T T
c c c c c c c c c c

t t t t t c t�F�� �� �� ��q q q q C q q�� �� �� �� . In this case, if �.c  

is positive to satisfy Eq. (2.39), the following can be written: 

�	 �
2 .c cV c t�b q��   (2.57) 

Thus, c
V  is bounded and: 

�	 �
�	 �
 �	 �
�	 �

0

0 ,0 , .
t

T
c c c c c c

V V t t c dt���d �� �� �p �� �¨q q q q   (2.58) 

Based on Barbalat’s Lemma, it is concluded that �	 �
lim t c t�l���d ��q 0. Therefore, Theorem 

4 is proven. 

Note that from the equation of tension of two ropes, the change of the value c
�R results in 

the change of the value sM . In order to save system energy, the control force will turn to zero 

if it is a negative value. A new controller is presented as: 

�	 �

�£�¦ �b�¦�¦�� �¤�¦ ���¦�¦�¥
�. ���� ��

0 if 0

sign if 0T
c c c c c

U
U

Uq q q
  (2.59) 

2.3 Numerical results 

This section presents the results of a numerical simulation conducted with the properties of 

the compensation rope listed in Table 2.1. The maximum length of the compensation rope is

240L �� m with a density per unit length of 2.11 kg.m-1 and a damping coefficient of 0.0315 

N.sec.m-1. The minimum distance from the car to both sheaves is 1 15l �� m and 2 15l �� m, 

respectively. The mass of the compensation sheave is 3500 kgsM �� . For cases moving of 

elevator car, the acceleration of the rope is 1.2 m.s-2, and the speed of the rope is 8 m.s-1. The 

relationship between the fundamental resonance frequencies of the compensation ropes and the 

length of the rope is shown in Fig. 2.3. A MATLAB implementation of an explicit Newmark 

– �C formula was used to integrate the motion equation of the ropes, and the flowchart is 

described in Fig. 2.4. Note that a model with five modes was tested to examine rope motion. 

However, the control force was calculated based on two modes. It was deemed to be more 

suitable for comparison with real-world elevator systems. 

The disturbance is assumed as the sin wave and is described as follows: 
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�	 �
 �	 �
1
.sin 2 mf t A ft�Q �  �¯�� �¡ �°�¢ �± (2.60) 

The vibration of the compensation rope is analyzed for 30 seconds and 3 cases of 
disturbance. The values of A and f  are listed in Table 2.2. The control parameters are chosen  

4
1 ... 8 10c cN cN�B �B �B�� �� �� �� �q  (2.61) 

 

Table 2.1. Elevator rope properties for the numerical simulation 

Parameter Symbol Value 

The maximum length of the rope L 240 m 

Mass per length c
�S  2.11 kg.m-1 

Velocity of the car  v 8 m.s-1 

Acceleration of the car a 1.2 m.s-2 

Damping coefficient cc  0.0315 N.sec.m-1 

Mass of compensation sheave s
M   3500 kg 

Number of transverse modes N 5 

Table 2.2. The values of A and f  

 A f  

Case 1 0.1 [m] 0.2 

Case 2 0.5 [m] 0.2 

Case 3 0.1 [m] 0.5 
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Fig. 2.3 Variation of the five modes natural frequency of the compensation rope 

 

 

Fig. 2.4 Flowchart for the MATLAB program 
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Case 1: �	 �
 �	 �
2
0.1.sin 2 0.2 mf t t�Q �  �¯�� �¡ �°�¢ �± 

For the case when the rope is moving upward, the displacement responses of compensation 

rope is denoted in Fig. 2.5. When the actuator was not used, the maximum amplitude of the 

compensation rope was 0.47 m. When the controller was used, a displacement reduction of the 

rope was observed. The displacement of the compensation rope was maximum at 0.18 m. 

Figure 2.6 presented the value of the control force in this case. The average value of the control 

force is about 1973 N. To verify the effectiveness of the proposed control method, the vibration 

of compensation rope is analyzed with a constant value of the actuator. The value is chosen 

equal to 150% of the average value of the proposed control force. The vibration of the 

compensation rope with the constant force is shown in Fig. 2.7. The maximum displacement 

of the compensation rope when using constant force is 0.28 m.  

Figure 2.8 showed the displacement response of the compensation rope when the car is 

downward. When the actuator was used, the maximum amplitude of the compensation rope 

was 0.15 m. The maximum amplitude of the compensation rope with the controller was 0.09 

m. Figure 2.9 presented the value of the control force in this case.  The average value of the 

control force is about 1127 N. To verify the effectiveness of the proposed control method, the 

vibration of compensation rope is analyzed with a constant value of the actuator. The value is 

chosen equal to 150% of the average value of the proposed control force. The vibration of the 

compensation rope with the constant force is shown in Fig. 2.10. The maximum displacement 

of the compensation rope when using constant force is 0.12 m.  

The length of the compensation rope maximizes when the car is at the highest location. For 

this case, Fig. 2.11 shows that the maximum displacement of the rope without the controller 

was 0.81 m. The displacement of this rope by using the controller was maximum at 0.19 m. 

Figure 2.12 presents the value of the control force in this case. The average value of the control 

force is about 4288 N. To verify the effectiveness of the proposed control method, the vibration 

of compensation rope is analyzed with a constant value of the actuator. The value is chosen 

equal to 150% of the average value of the proposed control force. The vibration of the 

compensation rope with the constant force is shown in Fig. 2.13. The maximum displacement 

of the compensation rope when using constant force is 0.22 m.  
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Fig. 2.5 Displacement response of the compensation rope 
(When the elevator system moves upward) 

 
Fig. 2.6 Output of the actuator 

(When the elevator system moves upward) 

 
Fig. 2.7 Displacement response of the compensation rope 

(When the elevator system moves upward) 
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Fig. 2.8 Displacement response of the compensation rope 

(When the elevator system moves downward) 

 
Fig. 2.9 Output of the actuator 

(When the elevator system moves downward) 

 
Fig. 2.10 Displacement response of the compensation rope 

(When the elevator system moves downward) 
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Fig. 2.11 Displacement response of the compensation rope 
(When the elevator car is at the highest location) 

 
Fig. 2.12 Output of the actuator 

(When the elevator car is at the highest location) 

 
Fig. 2.13 Displacement response of the compensation rope 

(When the elevator car is at the highest location) 
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Case 2: �	 �
 �	 �
2
0.5.sin 2 0.2 mf t t�Q �  �¯�� �¡ �°�¢ �± 

For the case when the rope is moving upward, the displacement responses of compensation 

rope is denoted in Fig. 2.14. When the actuator was not used, the maximum amplitude of the 

compensation rope was 2.36 m. When the controller was used, a displacement reduction of the 

rope was observed. The displacement of the compensation rope was maximum at 0.37 m. 

Figure 2.15 presented the value of the control force in this case. The average value of the 

control force is about 7023 N. To verify the effectiveness of the proposed control method, the 

vibration of compensation rope is analyzed with a constant value of the actuator. The value is 

chosen equal to 150% of the average value of the proposed control force. The vibration of the 

compensation rope with the constant force is shown in Fig. 2.16. The maximum displacement 

of the compensation rope when using constant force is 0.53 m.  

Figure 2.17 showed the displacement response of the compensation rope when the car is 

downward. When the actuator was used, the maximum amplitude of the compensation rope 

was 0.77 m. The maximum amplitude of the compensation rope with the controller was 0.29 

m. Figure 2.18 presented the value of the control force in this case. The average value of the 

control force is about 3710 N. To verify the effectiveness of the proposed control method, the 

vibration of compensation rope is analyzed with a constant value of the actuator. The value is 

chosen equal to 150% of the average value of the proposed control force. The vibration of the 

compensation rope with the constant force is shown in Fig. 2.19. The maximum displacement 

of the compensation rope when using constant force is 0.50 m.  

The length of the compensation rope maximizes when the car is at the highest location. For 

this case, Fig. 2.20 shows that the maximum displacement of the rope without the controller 

was 4.10 m. The displacement of this rope by using the controller was maximum at 0.40 m. 

Figure 2.21 presents the value of the control force in this case. The average value of the control 

force is about 12099 N. To verify the effectiveness of the proposed control method, the 

vibration of compensation rope is analyzed with a constant value of the actuator. The value is 

chosen equal to 150% of the average value of the proposed control force. The vibration of the 

compensation rope with the constant force is shown in Fig. 2.22. The maximum displacement 

of the compensation rope when using constant force is 0.44 m.  
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Fig. 2.14 Displacement response of the compensation rope 
(When the elevator system moves upward) 

 
Fig. 2.15 Output of the actuator 

(When the elevator system moves upward) 

 
Fig. 2.16 Displacement response of the compensation rope 

(When the elevator system moves upward) 
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Fig. 2.17 Displacement response of the compensation rope 

(When the elevator system moves downward) 

 
Fig. 2.18 Output of the actuator 

(When the elevator system moves downward) 

 
Fig. 2.19 Displacement response of the compensation rope 

(When the elevator system moves downward) 
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Fig. 2.20 Displacement response of the compensation rope 
(When the elevator car is at the highest location) 

 
Fig. 2.21 Output of the actuator 

(When the elevator car is at the highest location) 

 
Fig. 2.22 Displacement response of the compensation rope 

(When the elevator car is at the highest location) 
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Case 3: �	 �
 �	 �
2
0.1.sin 2 0.5 mf t t�Q �  �¯�� �¡ �°�¢ �± 

For the case when the rope is moving upward, the displacement responses of compensation 

rope is denoted in Fig. 2.23. When the actuator was not used, the maximum amplitude of the 

compensation rope was 0.57 m. When the controller was used, a displacement reduction of the 

rope was observed. The displacement of the compensation rope was maximum at 0.20 m. 

Figure 2.24 presented the value of the control force in this case. The average value of the 

control force is about 8287 N. To verify the effectiveness of the proposed control method, the 

vibration of compensation rope is analyzed with a constant value of the actuator. The value is 

chosen equal to 150% of the average value of the proposed control force. The vibration of the 

compensation rope with the constant force is shown in Fig. 2.25. The maximum displacement 

of the compensation rope when using constant force is 0.53 m.  

Figure 2.26 showed the displacement response of the compensation rope when the car is 

downward. When the actuator was used, the maximum amplitude of the compensation rope 

was 0.41 m. The maximum amplitude of the compensation rope with the controller was 0.17 

m. Figure 2.27 presented the value of the control force in this case. The average value of the 

control force is about 5572 N. To verify the effectiveness of the proposed control method, the 

vibration of compensation rope is analyzed with a constant value of the actuator. The value is 

chosen equal to 150% of the average value of the proposed control force. The vibration of the 

compensation rope with the constant force is shown in Fig. 2.28. The maximum displacement 

of the compensation rope when using constant force is 0.41 m.  

The length of the compensation rope maximizes when the car is at the highest location. For 

this case, Fig. 2.29 shows that the maximum displacement of the rope without the controller 

was 0.24 m. The displacement of this rope by using the controller was maximum at 0.18 m. 

Figure 2.30 presents the value of the control force in this case. The average value of the control 

force is about 10753 N. To verify the effectiveness of the proposed control method, the 

vibration of compensation rope is analyzed with a constant value of the actuator. The value is 

chosen equal to 150% of the average value of the proposed control force. The vibration of the 

compensation rope with the constant force is shown in Fig. 2.31. The maximum displacement 

of the compensation rope when using constant force is 0.19 m.  
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Fig. 2.23 Displacement response of the compensation rope 
(When the elevator system moves upward) 

 
Fig. 2.24 Output of the actuator 

(When the elevator system moves upward) 

 
Fig. 2.25 Displacement response of the compensation rope 

(When the elevator system moves upward) 
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Fig. 2.26 Displacement response of the compensation rope 

(When the elevator system moves downward) 

 
Fig. 2.27 Output of the actuator 

(When the elevator system moves downward) 

 
Fig. 2.28 Displacement response of the compensation rope 

(When the elevator system moves downward) 
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Fig. 2.29 Displacement response of the compensation rope 
(When the elevator car is at the highest location) 

 
Fig. 2.30 Output of the actuator 

(When the elevator car is at the highest location) 

 
Fig. 2.31 Displacement response of the compensation rope 

(When the elevator car is at the highest location) 
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2.4 Conclusions 

In this Section, the vibration of the compensation rope in a high-rise elevator system with 

time-varying length was analyzed. This Section also explained a way to calculate the response 

of the compensation rope. It is possible to analyze the vibration of the main rope based on this 

way. A controller method is proposed to reduce the sway of the compensation rope under 

external disturbance. The stability of the controllers is proved based on Lyapunov theory in the 

cases without external disturbance and with external disturbance in cases of moving car. The 

numerical model results indicated a good performance of the control method for compensation 

rope. The mode number of elevator rope that was used to calculate the controller force was 

smaller than was used to calculate the vibration of the strings. Therefore, it can use this control 

method in practical. Moreover, it also can see the effectiveness of the proposed method for 

reducing the vibration of the rope when compare it with the constant force which equals to 

150% the average value of the proposed control force. 
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Chapter 3 

Analyze and control the vibration of compensation rope and main 

rope simultaneously in a high-rise building 

3.1 Dynamic of the high-rise building 

A high-rise elevator structure in a building is shown in Fig. 3.1. This building structure has 

n  floors. Each floor consists of a mass (i
m ), a stiffness coefficient (ik ) and a damping 

coefficient ( i
c ) where 1,2,...,i n�� . The elevator system is assumed to be connected with the 

building on the top floor. Therefore, the responses of the top-level, including acceleration 

response, velocity response, and displacement response, are utilized as the external disturbance 

to the elevator system. 

 

Fig. 3.1 Model of a high-rise elevator structure in a building. 

The equation of motion of the building is: 

�\ �^ �	 �
1 ,
b b b b b b b g

x t�� �� �� ��M x C x K x M���� �� ����  (3.1) 

where �	 �
 �	 �
 �	 �

T

1 2
... x

b b b bn
x t x t t�  �¯�� �¡ �°�¢ �±

x , �\ �^
T

1 1 1 ... 1�  �¯�� �¡ �°�¢ �±
, b
M , b

C  and b
K  are the mass matrix, 

damping matrix, and stiffness matrix of the building, respectively. , , ,
i i i

m c k 1,...,i n��  are 
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the mass, damping, and stiffness of thi  floor, respectively, and , ,
i i i

x x x���� ��  are the acceleration, 

velocity and displacement response of thi  level, respectively, and 
g

x���� is the acceleration of 

earthquake excitation. 

3.2 Dynamic of the main rope 

The model of the elevator system is shown in Fig. 3.2. The elevator model includes the main 

rope, the main sheave, a compensation rope, a compensation sheave, a car, and a counterweight. 

The main sheave is located on the highest floor. The compensation sheave is installed at the 

bottom of the elevator system. This model mimics the typical configuration of actual elevator 

systems. To reduce the vibration of both ropes, an actuator is also installed at the compensation 

sheave. In this section, the car can be calculated as a point mass. Moreover, the total length of 

the compensation rope and the main rope is constant. The lateral vibration of the compensation 

sheave is also omitted. The equation of motion of the main rope can be written as follows:   

�	 �

�	 �


�	 �

�	 �


�	 �


�	 �

�	 �
 �	 �


�	 �
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m

m

w x t w x t w x t
v t v t

x tt x
w x t w x t w x t

a t c c v t
x t x

w x t
T x t

x x

�S �S �S

�S

�s �s �s
�� ��

�s �s�s �s
�s �s �s

�� �� ��
�s �s �s

�s�s
�� ��

�s �s

 

 

 

 

(3.2) 

where m
�S  is the main rope mass density, �	 �
a t  is the acceleration of the car, �	 �
v t  is the velocity 

of the car m
c  is the damping coefficient of the main rope,�	 �
,

m
w x t  is transverse displacement 

of the main rope at �	 �
0,
c

x L l t�  �¯�‰ ���¡ �°�¢ �±
. The tension of the main rope is �	 �
, .

m
T x t This tension is 

described as follows: 
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Fig. 3.2 Model of ropes 

without the actuator: 

�	 �
 �	 �
�	 �
 �	 �
�	 �
1
, ,

2m s c m c
T x t M g m L l t x g a t�S�  �¯�� �� �� �� �� ���¡ �°�¢ �±

 (3.3) 

with the actuator: 

�	 �
 �	 �
�	 �
 �	 �
�	 �
1
, U,

2m s c m c
T x t M g m L l t x g a t�S�  �¯�� �� �� �� �� �� ���¡ �°�¢ �±

 (3.4) 

where s
M  is the mass of the compensation sheave, c

m  is the mass of the car, and U  is the 

control force which is applied by the actuator. The schematic tension diagram of the main rope 

when the elevator is at the lowest location is described in Fig. 3.3. 
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Fig. 3.3 Force schematic diagram of the main rope 

In order to compute the displacement of the main rope under building excitation, this 

transverse rope response can be written as follows: 

�	 �
 �	 �
 �	 �

�	 �


�	 �

�	 �


�	 �
1 2
, , ,c

m m

c c

L l t x x
w x t w x t f t f t

L l t L l t

�� ��
�� �� ��

�� ��
  

(3.5) 

where �	 �
,
m

w x t  is the vibration of the main rope and satisfied the boundary conditions, �	 �
1
f t  

is the vibration of the top floor of the building due to environmental disturbance and �	 �
2
f t  is 

the vibration of the car due to environmental disturbance. 

The boundary conditions are acquired as: 

�	 �
0, 0,
m

w t ��  

�	 �
�	 �
, 0.
m c

w L l t t�� ��  

(3.6) 

The solution of the vibration of the rope �	 �
,
m

w x t  is obtained as: 

�	 �

�	 �


�	 �

1

, ,
N

m mj mj
j c

x
w x t q t

L l t
�K

��

�• �¬�­�ž �­�ž�� �­�ž �­�ž �­�� �­�ž�Ÿ �®
�œ  (3.7) 

where �	 �
mj
q t  1,...,j N��  is the modal coordinate respect to �	 �
,

m
w x t , 

�	 �
mj

c

x

L l t
�K

�• �¬�­�ž �­�ž �­�ž �­�ž �­�� �­�ž�Ÿ �®
 is the 

mode shape, and N  is the number of modes. The mode shape can be described as:  

�	 �
 �	 �

2 sin .mj

c c

x x
j

L l t L l t
�K �Q

�• �¬ �• �¬�­ �­�ž �ž�­ �­�ž �ž���­ �­�ž �ž�­ �­�ž �ž�­ �­�� ���­ �­�ž �ž�Ÿ �® �Ÿ �®
 

(3.8) 
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The mode shapes used are normalized, so that: 

�	 �

�	 �


2

0

, 1,
cL l t

mj
x t dx�K

��

���¨   (3.9) 

�	 �
 �	 �

�	 �


0

, , 0, .
cL l t

mj mj
x t x t dx i j�K �K

��

�� �� �v�¨   (3.10) 

A new variable is given as: 

�	 �

.

m

c

x

L l t
�[ ��

��
  (3.11) 

This new variable describes the varying domain �	 �
0,
c

L l t�  �¯���¡ �°�¢ �±
 for x  to a stable domain 0,1�  �¯�¡ �°�¢ �± 

for m
�[ . Hence, the above normalization in the new variable can be written as follows: 

�	 �

1

2

0

1,
mj m m

d�K �[ �[ ���¨  (3.12) 

�	 �
 �	 �

1

0

0, .
mj m mi m m

d i j�K �[ �K �[ �[ �� �� �v�¨   (3.13) 

The solution of the vibration of the rope �	 �
,
m

w x t  can be rewritten by the new variable as 

follows: 

�	 �
 �	 �
 �	 �

1

, ,
N

m mj m mj
j

w x t q t�K �[
��

�� �œ  (3.14) 

Substituting Eq. (3.14) into Eq. (3.5), the partial derivatives of the main rope dynamic 

response can be calculated as: 

�	 �
 �	 �
 �	 �

�	 �


�	 �
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1 2
, ,

,m m

c c

w x t w x t f t f t

x x L l t L l t

�s �s
�� �� ��

�s �s �� ��
 (3.15) 

�	 �
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2 2

2 2
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w x t w x t

x x

�s �s
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�s �s
 (3.16) 
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  (3.17) 
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(3.18) 
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(3.19) 
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Substituting Eqs. (3.15)-(3.24) in Eq. (3.2) yields: 
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Multiplying Eq. (3.25) by �	 �
mi m
�K �[  and integrating this equation in the stable domain [0, 1] the 

equation of motion is as follows: 
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The matrix form of the equation of motion can be presented as follows: 
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where m
q  is generalized coordinates of the compensation rope in a matrix form, and m

M  is 

the mass matrix of the main rope, m
C  is the damping matrix of the main rope and m

K  is the 

stiffness matrix of the main rope. The elements of these matrices are obtained as: 
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From Eq. (2.26) and Eq. (3.27), the equation of motion of two ropes is as follows: 

�	 �
�� ,U�� �� �� ��Mq Cq K q F���� ��   (3.34) 

where 

T T

, ,
c m c m

�  �¯ �  �¯�� ���¡ �° �¡ �°�¢ �± �¢ �±
q q q F F F   (3.35) 

��
��

��
, , , .c c c c

m m m m

�  �¯ �  �¯ �  �¯ �  �¯
�¡ �° �¡ �° �¡ �° �¡ �°�� �� �� ���¡ �° �¡ �° �¡ �° �¡ �°
�¡ �° �¡ �° �¡ �° �¡ �°�¢ �± �¢ �± �¢ �± �¢ �±

M 0 C 0 K 0 0
M C K

0 M 0 C 0 K 0
  

(3.36) 

3.3 Design the controller for the two ropes based on Lyapunov theory 

In this section, a controller is proposed to dampen the vibration of two ropes. Based on the 

Lyapunov theory, the stability of the control method is analyzed. In this model, the building is 

vibrated by earthquake excitation, and the top floor vibration is the input of the elevator system. 

Therefore, the elevator ropes will vibrate under the environmental excitation caused by 

building vibration. This study analyzes the stability of the system for cases with and without 

environmental excitation.  
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Theorem 1: Consider the system with the governing equation as Eq. (3.34), the controller 

is presented as: 

�	 �
�. ��Tsign ,U �R�� ��q q q�� ��   (3.37) 

where �. 1 1... ...c cN m mN�B �B �B �B�  �¯�� �¡ �°�¢ �± ,
ci mi

�B �B  are positive. 

In the case without environmental excitation and static car, the system is stable at the 

equilibrium point�	 �
0,0 . 

Proof: A function is defined as: 

�	 �
�	 �
 �	 �
 �	 �
 �	 �
��T T1 1
,

2 2
V t t t t�R�� �� ��q K q q Mq�� ��   (3.38) 

where �R is satisfied a condition: �	 �
�	 �
 �	 �
��T t t�R��q K q  is positive. 

According to Eq. (3.36), M  is a positive definite matrix leading to the expression 

�	 �
 �	 �
T t tq Mq�� ��  is positive. Therefore, Eq. (3.38) is positive definite. The first differential of the 

function V  can be computed as: 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�� ��T T ,V t t U t t�R �  �¯�� �� �� �� ���¡ �°�¢ �±q K q q K q Cq�� �� �� ��   (3.39) 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�� ��T T T T T .V t t t U t t t t t t t�R�� �� �� �� ��q q q q q Kq q Kq q Cq�� �� �� �� �� �� ��  (3.40) 

Substituting Eq. (3.37) in Eq. (3.40), the equation becomes: 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �


�. �� ��

�� ��

T T T

T T

sign

,

V t t t t t

t t t t�R �R

�� �� ��

�� ��

q q q q q q Cq

q q q q

�� �� �� �� �� ��

�� ��
  

 

(3.41) 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
�. ��T T .V t t t t t�� �� ��q q q q Cq�� �� �� �� ��  (3.42) 

It is certain that Eq. (3.42) is the definite negative function. Therefore, Eq. (3.38) is a 

Lyapunov function. Moreover, when the acceleration and velocity of the car approach to 0, it 

is proven that the vector q also reaches 0 by using Barbalat’s Lemma in Eq. (3.34). Hence, 

Theorem 1 is proven. 
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Assumption 3.1: The top floor of the building response �	 �
1
f t  induces the vibration of the 

ropes. �	 �
2
f t  is the time-varying disturbance acting at the level of the car, due to the building 

responses. The two boundary disturbances acting on the rope are related via the relation: 

�	 �
 �	 �

�	 �
�	 �


2 1
sin

2

H L l t
f t f t

H

�Q�• �¬�  �¯�­�� ���ž �¡ �°�­�ž �¢ �±�­�ž�� �­�ž �­�ž �­�ž �­�­�ž�Ÿ �®

  
(3.43) 

where, H is the height of the building. 

Therefore, the value of the function �	 �
tF  is within a certain range, and it is 0�F��  satisfied: 

�	 �
 .t �F�bF  

Theorem 2: Consider the system with the governing equation as Eq. (3.34) and the 

controller Eq. (3.37), due to environmental excitation and static car, the system will be stable 

at the equilibrium point �	 �
0,0   if there is �. 0��  and it satisfies: 

�	 �
 �	 �
�. ��T .t t�F�b q q��   (3.44) 

Proof: The positive definite function V  is made definite as Eq. (99). The first differential 

of the function V  can be computed as: 

�	 �
�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�� ��T T .V t t t U t t t�R �  �¯�� �� �� �� �� �� ���¡ �°�¢ �±q K q q K q F Cq�� �� �� ��   (3.45) 

Substituting Eq. (3.37) in Eq. (3.45), yields the following: 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �


�. �� ��

�� ��

T T T T

T T T T

sign

.

V t t t t t t t

t t t t t t t t�R �R

�� �� �� �� ��

�� �� ��

q q q q q q Cq q F

q Kq q Kq q q q q

�� �� �� �� �� �� ��

�� �� �� ��
  (3.46) 

Using Assumption 3.1, the derivative of the V  function is as follows: 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�. �� ��T T T Tsign ,V t t t t t t t�b �� �� ��q q q q q q Cq q F�� �� �� �� �� �� ��   (3.47) 

�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
�. ��T T T .V t t t t t�F�b �� �� ��q q q q Cq�� �� �� �� ��  (3.48) 
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The derivative function V  can be ensured to be negative definite with Eq. (3.48) so that 

Eq. (3.38) is a Lyapunov function. As with Theorem 1, it is also evidenced that the system is 

stable at the equilibrium point (0, 0).  

Theorem 3: Consider the system with the governing equation as Eq. (3.34) and the 

controller Eq. (3.37), with no environmental excitation and mobile car, the system will be stable 

at the equilibrium point�	 �
0,0 , or 0�lq  when t �l �d . 

Proof: The positive definite function V  is made definite as Eq. (3.38). The first differential 

of the function V  can be computed as: 

�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�	 �
 �	 �


�	 �
 �	 �
 �	 �
�	 �
 �	 �


�� ��

��

T T

T1
.

2

V t t t t t t t t U t

t t t t

�R

�R

�  �¯�� �� �� �� �� �� ���¡ �°�¢ �±

��

q K q q Cq K q

q K q

�� �� �� ��

�� ��
  

(3.49) 

Substituting Eq. (3.37) into Eq. (3.49), yields: 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�	 �
 �	 �


�� ��

�. �� �� ��

T T

T T T T1
sign .

2

TV t t t t t t t t

t t t t t t t

�R �R

�R

�� �� �� ��

�� �� ��

q q q q q Cq

q q q q q q K q

�� �� �� �� ��

�� ���� �� ��
  

 

(3.51) 

�	 �
 �	 �
 �	 �
 �	 �


�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �


�. �� ��

��

T

T T

sign

1
.

2

TV t t t

t t t t t t�R

�� ��

�� ��

q q q q q

q K q q Cq

�� �� �� ��

�� �� �� ��
 

 

(3.51) 

Using Assumption 2.2 gives the condition: 

:c
�� ��

�� �l�\ �\ , and satisfies: �	 �
 �	 �
�	 �
��
1

.
2 n n

t t c�R
�q

�� �bK I�� ��  (3.52) 

Based on Eq. (3.52) and Eq. (3.51): 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�. ��T T 2 .V t t t t t c t�b �� �� ��q q q q Cq q�� �� �� �� ��  (3.53) 

Case 1: �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�. ��T T 2 0t t t t t c t�� �� �� �bq q q q Cq q�� �� �� �� . In this case, the negative of the 

derivative of the V  function is obtained. As with Theorem 1, it is also evidenced that the 

system is stable at the equilibrium point (0, 0).  

Case 2: �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
�. ��T T 2 0t t t t t c t�� �� �� ��q q q q Cq q�� �� �� �� . The following can be written: 
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�	 �
2 .V c t�b q��  (3.54) 

Thus, it can be concluded that V  is bounded, and: 

�	 �
�	 �
 �	 �
�	 �
 T

0

0 ,0 , t .
t

V V t c dt���d �� �� �p �� �¨q q q q  
(3.55) 

Based on Barbalat’s Lemma, it is concluded that �	 �
lim
t

t
�l���d

��q 0. 

Theorem 4: Consider the system with the governing equation as Eq. (3.34) and the 

controller Eq. (3.37), with environmental excitation and a mobile car, the system will be stable 

at the equilibrium point�	 �
0, 0 , or �lq 0 when t �l �d  if �. is positive and satisfied Eq. (3.44). 

Proof: The positive definite function V  is made definite as Eq. (3.38). The first differential 

of the function V  can be computed as: 

�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �


�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �
 �	 �
�	 �
 �	 �


��

�� ��

T

T T1
.

2

V t t t U t t t

t t t t t t t t�R �R

�  �¯�� �� �� �� �� ���¡ �°�¢ �±

�� �� ��

q K q F Cq

q K q q K q

�� �� ��

�� �� ��
 

 

(3.56) 

Substituting Eq. (3.37) into Eq. (3.56) gives: 

�	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �
 �	 �


�	 �
 �	 �
 �	 �
�	 �
 �	 �


�. ��

��

T T T

T1
.

2

V t t t t t t t

t t t t�R

�� �� �� ��

�� ��

q q q q F q Cq

q K q

�� �� �� �� �� ��

�� ��
 

 

(3.57) 

Based on Assumption 2.2 and Assumption 3.1, Eq. (3.57) becomes: 

�	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �
�. ��T T T 2 .V t t t t t c t�F�b �� �� ��q q q q Cq q�� �� �� �� ��  (3.58) 

Case 1: �	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �
�. ��T T T 2 0t t t t t c t�F�� �� �� �bq q q q Cq q�� �� �� �� . In this case, the negative 

of the derivative of the V  function is obtained. As with Theorem 1, it can be concluded the 

system is stable at the equilibrium point (0, 0) . 

Case 2: �	 �
 �	 �
 �	 �
�	 �
 �	 �
 �	 �
 �	 �
�. ��T T T 2 0t t t t t c t�F�� �� �� ��q q q q Cq q�� �� �� �� . In this case, if �. is 

positive to satisfy Eq. (3.44), the following can be written: 
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�	 �
2 .V c t�b q��  (3.59) 

Thus, V  is bounded and: 

�	 �
�	 �
 �	 �
�	 �
 T

0

0 ,0 , .
t

V V t t c dt���d �� �� �p �� �¨q q q q  (3.60) 

Based on Barbalat’s Lemma, it is concluded that �	 �
lim
t

t
�l���d

��q 0. 

Note that from the equation of tension of two ropes, the change of the value �R results in 

the change of the value sM . In order to save system energy, the control force will turn to zero 

if it is a negative value. Consequently, a new controller is obtained as: 

�	 �

�£�¦ �b�¦�¦�� �¤�¦ ���¦�¦�¥
�. ���� ��T

0 if 0

sign if 0

U
U

Uq q q
 (3.61) 

3.4 Numerical results 

This section presents the results of a numerical simulation conducted with the properties of 

the elevator rope listed in Table 3.1. Table 3.2 shows the properties of the high-rise building. 

The height of the building is 240 m with 60 floors, i.e., each floor is 4 m in height. The mass 

of each floor is 62.0 10�q kg, and the damping ratios of 1 % were assumed. The connection of 

the elevator system with the building is on the highest floor. The total length of rope is 240L ��

m with a density per unit length of 2.11 kg.m-1 and a damping coefficient of 0.0315 N.sec.m-1. 

The minimum distance from the car to both sheaves is 1 15l �� m and 2 15l �� m, respectively. 

The mass of the compensation sheave and the car are 3500 kgsM �� and 1000cm �� kg, 

respectively. For cases where the elevator car is moving upward or downward, the acceleration 

of the rope is 1.2 m.s-2, and the speed of the rope is 8 m.s-1. The relationship between the 

fundamental resonance frequencies of the ropes and the length of the rope is shown in Fig. 3.4. 

The natural frequency of the ropes is higher when the length of the ropes is longer. A MATLAB 

implementation of an explicit Newmark – �C formula was used to integrate the motion equation 

of the ropes, and the flowchart is described in Fig. 3.5. Note that a model with five modes was 

tested to examine rope motion. However, the control force was calculated based on three 

modes. It was deemed to be more suitable for comparison with real-world elevator systems. 
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The vibration of ropes is considered in 37 seconds and four cases, consisting of upward 

movement, downward movement, stopped at the highest position and the lowest position of 

the system motion, respectively. The response of the top floor was used as the input of vibration 

to the elevator system. These input parameters included the displacement response, velocity 

response, and the acceleration response of the top floor (�	 �
1
,f t �	 �
1

,f t�� �	 �
1
f t���� , respectively). 

In order to verify the effectiveness of the proposed controller, the vibration of ropes are 

analyzes in five cases of earthquake including Kumamoto NS wave (2016, Kumamoto 

Earthquake), Sendai NS wave (2011, Great East Japan Earthquake), Shinjuku NS wave (2007, 

Nigita Prefecture Chuetsu Oki Earthquake), Tomakomai NS wave (2003, Tokachi Earthquake) 

and Tokamachi NS wave (2004, Nigita Prefecture Chuetsu Earthquake). 

The control parameters are chosen as in Table 3.3 with the conditions: 

1 2
...

c c cN
�B �B �B�� �� ��  

(3.62) 

1 2
...

m m mN
�B �B �B�� �� ��  

(3.63) 

Table 3.1 Elevator rope properties for the numerical simulation 

Parameter Symbol Value 

The maximum length of rope L 240 m 

Mass per length ,
m c

�S �S  2.11 kg.m-1 

Velocity of the car  v 8 m.s-1 

Acceleration of the car a 1.2 m.s-2 

Damping coefficient ,
m c

c c  0.0315 N.sec.m-1 

Mass of compensation sheave s
M   3500 kg 

Mass of car c
m  1000 kg 

Number of transverse modes N 5 
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Table 3.2. High-rise building parameters for the numerical simulation 

Parameter Symbol Value 

Story height h 4.0 m 

Number of stories N 60 

Fundamental natural 
period T1 5.8 s 

Damping factor �� 0.01 

Mass of each story mi 2.0×106 kg 

 

Table 3.3. Parameters of the controller 

Upward Downward The lowest location The highest location 

�.mi �.ci �.mi �.ci �.mi �.ci �.mi �.ci 

7.0×103 3.0×104 7.0×103 3.0×104 4.0×104  004  004 4.0×104 

 

(a) Compensation rope (b) Main rope 

Fig. 3.4 Variation of the five modes natural frequency of ropes 
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Fig. 3.5 Flowchart for the MATLAB program 
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Case 1: Kumamoto NS wave (2016, Kumamoto Earthquake) 

The building is analyzed in 90 seconds under Kumamoto earthquake excitation. The 

acceleration of the earthquake data is shown in Fig. 3.6. Figure 3.7 shows the acceleration of 

the top floor of the building under the Kumamoto earthquake. The maximum value of the 

acceleration of the top floor is 4.09 m/s2. Figure 3.8 shows the velocity of the top floor of the 

building under the Kumamoto earthquake. The maximum value of the acceleration of the top 

floor is 1.24 m/s. Figure 3.9 shows the displacement of the top floor of the building under the 

Kumamoto earthquake. The maximum value of the acceleration of the top floor is 0.41 m. 

 

Fig. 3.6 Kumamoto earthquake acceleration data (NS wave) 

 

Fig. 3.7 Acceleration of the building’s top story 
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Fig. 3.8 Velocity of the building’s top story 

 

Fig. 3.9 Displacement of the building’s top story 

The vibration of the elevator ropes is analyzed in a randomly selected period of 37 

seconds (from the second 12th to the second 49th).  

For the case when the rope is moving upward, the displacement responses of the main rope 

are denoted in Fig. 3.10 and the displacement of the compensation rope are denoted in Fig. 

3.11. The maximum amplitude of the main rope without the actuator is 1.76 m. When the 

actuator is installed and used the proposed control method, the displacement response of the 

main rope is reduced. The maximum amplitude of the main rope by using the actuator is 1.36 

m. The maximum amplitude of the compensation rope without actuator is 0.51 m, and it is 

reduced by using actuator with the proposed control method. The maximum amplitude of the 

compensation rope by using the actuator is 0.32 m. Figure 3.12 presents the value of the control 

force in this case. 

Figure 3.13 and 3.14 show the displacement response of two ropes when the car is 

downward. When the actuator is not used, the maximum amplitude of the main rope is 2.71 m, 
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and the maximum amplitude of the compensation rope was 0.37 m. The maximum amplitudes 

of the main rope and the compensation rope with the controller were 1.77 m and 0.29 m, 

respectively. Figure 3.15 presented the value of the control force in this case. 

The length of the compensation rope maximizes when the car is at the highest location. For 

this case, Fig. 3.16 shows that the maximum displacement of the rope without the controller is 

0.79 m. The displacement of this rope by using the controller is maximum at 0.43 m. Figure 

3.17 presents the value of the control force in this case. In the case where the car is stopped on 

the lowest floor, the main rope is at its longest. For this case, Fig. 3.18 (a) shows the peak value 

of displacement of this rope without the controller is 0.77 m and is 0.41 m with the controller. 

Figure 3.19 presents the value of the control force in this case. 

 
Fig. 3.10 Displacement response of the main rope 

(When the elevator system moves upward) 

 
Fig. 3.11 Displacement response of the compensation rope 

(When the elevator system moves upward) 
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Fig. 3.12 Output of the actuator 
(When the elevator system moves upward) 

 
Fig. 3.13 Displacement response of the main rope 

(When the elevator system moves downward) 

 
Fig. 3.14 Displacement response of the compensation rope 

(When the elevator system moves downward) 
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Fig. 3.15 Output of the actuator 

(When the elevator system moves downward) 

 
Fig. 3.16 Displacement response of the compensation rope 

(When the elevator is at the highest location) 

 
 Fig. 3.17 Output of the actuator 

(When the elevator is at the highest location) 
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Fig. 3.18 Displacement response of the compensation rope 

(When the elevator is at the lowest location) 

        
 Fig. 3.19 Output of the actuator 

(When the elevator is at the lowest location) 
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Case2: Sendai NS wave (2011, Great East Japan Earthquake) 

The building is analyzed in 300 seconds under the Sendai earthquake excitation. The 

acceleration of the earthquake data is shown in Fig. 3.20. Figure 3.21 shows the acceleration 

of the top floor of the building under the Sendai earthquake. The maximum value of the 

acceleration of the top floor is 10.59 m/s2. Figure 3.22 shows the velocity of the top floor of 

the building under the Sendai earthquake. The maximum value of the acceleration of the top 

floor is 2.19 m/s. Figure 3.23 shows the displacement of the top floor of the building under the 

Sendai earthquake. The maximum value of the acceleration of the top floor is 0.44 m. 

 

Fig. 3.20 Sendai earthquake acceleration data (NS wave) 

 

Fig. 3.21 Acceleration of the building’s top story 

ea
rt

hq
ua

ke
 a

cc
el

er
at

io
n 

[m
/s

2 ]
ac

ce
le

ra
tio

n 
[m

/s
2 ]



59 
 

 

Fig. 3.22 Velocity of the building’s top story 

 

Fig. 3.23 Displacement of the building’s top story 

The vibration of the elevator ropes is analyzed in a randomly selected period of 37 

seconds (from the second 20th to the second 57th).  

For the case when the rope is moving upward, the displacement responses of the main rope 

are denoted in Fig. 3.24 and the displacement of the compensation rope are denoted in Fig. 

3.25. The maximum amplitude of the main rope without the actuator is 0.26 m. When the 

actuator is installed and used the proposed control method, the displacement response of the 

main rope is reduced. The maximum amplitude of the main rope by using the actuator is 0.15 

m. The maximum amplitude of the compensation rope without actuator is 0.98 m, and it is 

reduced by using actuator with the proposed control method. The maximum amplitude of the 

compensation rope by using the actuator is 0.42 m. Figure 3.26 presents the value of the control 

force in this case. 

Figure 3.27 and 3.28 show the displacement response of two ropes when the car is 

downward. When the actuator is not used, the maximum amplitude of the main rope is 0.88 m, 
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and the maximum amplitude of the compensation rope was 0.03 m. The maximum amplitudes 

of the main rope and the compensation rope with the controller were 0.81 m and 0.02 m, 

respectively. Figure 3.29 presented the value of the control force in this case. 

The length of the compensation rope maximizes when the car is at the highest location. For 

this case, Fig. 3.30 shows that the maximum displacement of the rope without the controller is 

1.04 m. The displacement of this rope by using the controller is maximum at 0.34 m. Figure 

3.31 presents the value of the control force in this case. In the case where the car is stopped on 

the lowest floor, the main rope is at its longest. For this case, Fig. 3.32 (a) shows the peak value 

of displacement of this rope without the controller is 0.53m and is 0.31 m with the controller. 

Figure 3.33 presents the value of the control force in this case. 

 
Fig. 3.24 Displacement response of the main rope 

(When the elevator system moves upward) 

 
Fig. 3.25 Displacement response of the compensation rope 

(When the elevator system moves upward) 
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Fig. 3.26 Output of the actuator 
(When the elevator system moves upward) 

 
Fig. 3.27 Displacement response of the main rope 

(When the elevator system moves downward) 

 
Fig. 3.28 Displacement response of the compensation rope 

(When the elevator system moves downward) 
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Fig. 3.29 Output of the actuator 

(When the elevator system moves downward) 

 
Fig. 3.30 Displacement response of the compensation rope 

(When the elevator is at the highest location) 

 
 Fig. 3.31 Output of the actuator 

(When the elevator is at the highest location) 
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Fig. 3.32 Displacement response of the compensation rope 

(When the elevator is at the lowest location) 

        
 Fig. 3.33 Output of the actuator 

(When the elevator is at the lowest location) 
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Case 3: Shinjuku NS wave (2007, Nigita Prefecture Chuetsu Oki Earthquake) 

The building is analyzed in 140 seconds under Shinjuku earthquake excitation. The 

acceleration of the earthquake data is shown in Fig. 3.34. Figure 3.35 shows the acceleration 

of the top floor of the building under the Shinjuku earthquake. The maximum value of the 

acceleration of the top floor is 0.45 m/s2. Figure 3.36 shows the velocity of the top floor of the 

building under the Shinjuku earthquake. The maximum value of the acceleration of the top 

floor is 0.33 m/s. Figure 3.37 shows the displacement of the top floor of the building under the 

Shinjuku earthquake. The maximum value of the acceleration of the top floor is 0.29 m. 

 

Fig. 3.34 Shinjuku earthquake acceleration data (NS wave) 

 

Fig. 3.35 Acceleration of the building’s top story 
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Fig. 3.36 Velocity of the building’s top story 

 

Fig. 3.37 Displacement of the building’s top story 

The vibration of the elevator ropes is analyzed in a randomly selected period of 37 

seconds (from the second 30th to the second 67th).  

For the case when the rope is moving upward, the displacement responses of the main rope 

are denoted in Fig. 3.38 and the displacement of the compensation rope are denoted in Fig. 

3.39. The maximum amplitude of the main rope without the actuator is 0.12 m. When the 

actuator is installed and used the proposed control method, the displacement response of the 

main rope is reduced. The maximum amplitude of the main rope by using the actuator is 0.09 

m. The maximum amplitude of the compensation rope without actuator is 0.09 m, and it is 

reduced by using actuator with the proposed control method. The maximum amplitude of the 

compensation rope by using the actuator is 0.07 m. Figure 3.40 presents the value of the control 

force in this case. 

Figure 3.41 and 3.42 show the displacement response of two ropes when the car is 

downward. When the actuator is not used, the maximum amplitude of the main rope is 0.21 m, 
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and the maximum amplitude of the compensation rope was 0.027 m. The maximum amplitudes 

of the main rope and the compensation rope with the controller were 0.18 m and 0.025 m, 

respectively. Figure 3.43 presented the value of the control force in this case. 

The length of the compensation rope maximizes when the car is at the highest location. For 

this case, Fig. 3.44 shows that the maximum displacement of the rope without the controller is 

0.11 m. The displacement of this rope by using the controller is maximum at 0.08 m. Figure 

3.45 presents the value of the control force in this case. In the case where the car is stopped on 

the lowest floor, the main rope is at its longest. For this case, Fig. 3.46 (a) shows the peak value 

of displacement of this rope without the controller is 0.052 m and is 0.048 m with the controller. 

Figure 3.47 presents the value of the control force in this case. 

 
Fig. 3.38 Displacement response of the main rope 

(When the elevator system moves upward) 

 
Fig. 3.39 Displacement response of the compensation rope 

(When the elevator system moves upward) 
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Fig. 3.40 Output of the actuator 
(When the elevator system moves upward) 

 
Fig. 3.41 Displacement response of the main rope 

(When the elevator system moves downward) 

 
Fig. 3.42 Displacement response of the compensation rope 

(When the elevator system moves downward) 

C
on

tr
ol

 fo
rc

e 
[N

]



68 
 

 
Fig. 3.43 Output of the actuator 

(When the elevator system moves downward) 

 
Fig. 3.44 Displacement response of the compensation rope 

(When the elevator is at the highest location) 

 
 Fig. 3.45 Output of the actuator 

(When the elevator is at the highest location) 
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Fig. 3.46 Displacement response of the compensation rope 

(When the elevator is at the lowest location) 

        
 Fig. 3.47 Output of the actuator 

(When the elevator is at the lowest location) 
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Case 4: Tokamachi NS wave (2004, Nigita Prefecture Chuetsu Earthquake) 

The building is analyzed in 300 seconds under Tokamachi earthquake excitation. The 

acceleration of the earthquake data is shown in Fig. 3.48. Figure 3.49 shows the acceleration 

of the top floor of the building under the Tokamachi earthquake. The maximum value of the 

acceleration of the top floor is 16.06 m/s2. Figure 3.50 shows the velocity of the top floor of 

the building under the Tokamachi earthquake. The maximum value of the acceleration of the 

top floor is 0.78 m/s. Figure 3.51 shows the displacement of the top floor of the building under 

the Tokamachi earthquake. The maximum value of the acceleration of the top floor is 0.59 m. 

 

Fig. 3.48 Tokamachi earthquake acceleration data (NS wave) 

 

Fig. 3.49 Acceleration of the building’s top story 
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Fig. 3.50 Velocity of the building’s top story 

 

Fig. 3.51 Displacement of the building’s top story 

The vibration of the elevator ropes is analyzed in a randomly selected period of 37 

seconds (from the second 10th to the second 47th).  

For the case when the rope is moving upward, the displacement responses of the main rope 

is denoted in Fig. 3.52 and the displacement of the compensation rope are denoted in Fig. 3.53. 

The maximum amplitude of the main rope without the actuator is 0.86 m. When the actuator is 

installed and used the proposed control method, the displacement response of the main rope is 

reduced. The maximum amplitude of the main rope by using the actuator is 0.39 m. The 

maximum amplitude of the compensation rope without actuator is 1.58 m, and it is reduced by 

using actuator with the proposed control method. The maximum amplitude of the compensation 

rope by using the actuator is 0.62 m. Figure 3.54 presents the value of the control force in this 

case. 

Figure 3.55 and 3.56 show the displacement response of two ropes when the car is 

downward. When the actuator is not used, the maximum amplitude of the main rope is 1.75 m, 
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and the maximum amplitude of the compensation rope was 0.14 m. The maximum amplitudes 

of the main rope and the compensation rope with the controller were 1.04 m and 0.09 m, 

respectively. Figure 3.57 presented the value of the control force in this case. 

The length of the compensation rope maximizes when the car is at the highest location. For 

this case, Fig. 3.58 shows that the maximum displacement of the rope without the controller is 

1.58 m. The displacement of this rope by using the controller is maximum at 0.52 m. Figure 

3.59 presents the value of the control force in this case. In the case where the car is stopped on 

the lowest floor, the main rope is at its longest. For this case, Fig. 3.60 (a) shows the peak value 

of displacement of this rope without the controller is 0.47 m and is 0.43 m with the controller. 

Figure 3.61 presents the value of the control force in this case. 

 
Fig. 3.52 Displacement response of the main rope 

(When the elevator system moves upward) 

 
Fig. 3.53 Displacement response of the compensation rope 

(When the elevator system moves upward) 
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Fig. 3.54 Output of the actuator 
(When the elevator system moves upward) 

 
Fig. 3.55 Displacement response of the main rope 

(When the elevator system moves downward) 

 
Fig. 3.56 Displacement response of the compensation rope 

(When the elevator system moves downward) 
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Fig. 3.57 Output of the actuator 

(When the elevator system moves downward) 

 
Fig. 3.58 Displacement response of the compensation rope 

(When the elevator is at the highest location) 

 
 Fig. 3.59 Output of the actuator 

(When the elevator is at the highest location) 
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Fig. 3.60 Displacement response of the compensation rope 

(When the elevator is at the lowest location) 

        
 Fig. 3.61 Output of the actuator 

(When the elevator is at the lowest location) 
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Case 5: Tomakomai NS wave (2003, Tokachi Earthquake) 

The building is analyzed in 300 seconds under Tomakomai earthquake excitation. The 

acceleration of the earthquake data is shown in Fig. 3.62. Figure 3.63 shows the acceleration 

of the top floor of the building under the Tomakomai earthquake. The maximum value of the 

acceleration of the top floor is 1.81 m/s2. Figure 3.64 shows the velocity of the top floor of the 

building under the Tomakomai earthquake. The maximum value of the acceleration of the top 

floor is 1.26 m/s. Figure 3.65shows the displacement of the top floor of the building under the 

Tomakomai earthquake. The maximum value of the acceleration of the top floor is 1.01 m. 

 

Fig. 3.62 Tomakomai earthquake acceleration data (NS wave) 

 

Fig. 3.63Acceleration of the building’s top story 
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Fig. 3.64 Velocity of the building’s top story 

 

Fig. 3.65 Displacement of the building’s top story 

The vibration of the elevator ropes is analyzed in a randomly selected period of 37 

seconds (from the second 50th to the second 87th).  

For the case when the rope is moving upward, the displacement responses of the main rope 

are denoted in Fig. 3.66 and the displacement of the compensation rope are denoted in Fig. 

3.67. The maximum amplitude of the main rope without the actuator is 1.92 m. When the 

actuator is installed and used the proposed control method, the displacement response of the 

main rope is reduced. The maximum amplitude of the main rope by using the actuator is 1.22 

m. The maximum amplitude of the compensation rope without actuator is 0.51 m, and it is 

reduced by using actuator with the proposed control method. The maximum amplitude of the 

compensation rope by using the actuator is 0.32 m. Figure 3.68 presents the value of the control 

force in this case. 

Figure 3.69 and 3.70 show the displacement response of two ropes when the car is 

downward. When the actuator is not used, the maximum amplitude of the main rope is 2.52 m, 
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and the maximum amplitude of the compensation rope was 0.54 m. The maximum amplitudes 

of the main rope and the compensation rope with the controller were 2.07 m and 0.23 m, 

respectively. Figure 3.71 presented the value of the control force in this case. 

The length of the compensation rope maximizes when the car is at the highest location. For 

this case, Fig. 3.72 shows that the maximum displacement of the rope without the controller is 

1.16 m. The displacement of this rope by using the controller is maximum at 0.51 m. Figure 

3.73 presents the value of the control force in this case. In the case where the car is stopped on 

the lowest floor, the main rope is at its longest. For this case, Fig. 3.74 (a) shows the peak value 

of displacement of this rope without the controller is 1.53 m and is 0.54 m with the controller. 

Figure 3.75 presents the value of the control force in this case. 

 
Fig. 3.66 Displacement response of the main rope 

(When the elevator system moves upward) 

 
Fig. 3.67 Displacement response of the compensation rope 

(When the elevator system moves upward) 
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Fig. 3.68 Output of the actuator 
(When the elevator system moves upward) 

 
Fig. 3.69 Displacement response of the main rope 

(When the elevator system moves downward) 

 
Fig. 3.70 Displacement response of the compensation rope 

(When the elevator system moves downward) 
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Fig. 3.71 Output of the actuator 

(When the elevator system moves downward) 

 
Fig. 3.72 Displacement response of the compensation rope 

(When the elevator is at the highest location) 

 
 Fig. 3.73 Output of the actuator 

(When the elevator is at the highest location) 
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Fig. 3.74 Displacement response of the compensation rope 

(When the elevator is at the lowest location) 

        
 Fig. 3.75 Output of the actuator 

(When the elevator is at the lowest location) 
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Table 3.4 Maximum displacement response and the reduction of the main rope [m] 

Earthquake Kumamoto 

 

Sendai 

 

Shinjuku 

 

Tokamachi 

 

Tomakomai 

 
Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Upward 1.76 1.36 0.26 0.15 0.12 0.09 0.86 0.39 1.92 1.22 

Reduction 22.72% 42.31% 25.00% 54.65% 36.46% 

Downward 2.71 1.77 0.88 0.81 0.21 0.18 1.75 1.04 2.52 2.07 

Reduction 34.69% 7.95% 14.29% 40.57% 17.86% 

At the lowest 

location 

0.77 0.41 0.53 0.31 0.052 0.048 0.47 0.43 1.53 0.54 

Reduction 46.75% 41.51% 7.69% 8.51% 64.71% 

Table 3.5 Maximum displacement response and the reduction of the compensation rope [m] 

Earthquake Kumamoto 

 

Sendai 

 

Shinjuku 

 

Tokamachi 

 

Tomakomai 

 
Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Upward 0.51 0.32 0.98 0.42 0.09 0.07 1.58 0.62 0.51 0.32 

Reduction 37.25% 57.14% 22.22% 60.76% 37.25% 

Downward 0.37 0.29 0.03 0.02 0.027 0.025 0.14 0.09 0.54 0.23 

Reduction 24.62% 33.33% 7.41% 35.71% 77.50% 

At the highest 

location 

0.79 0.43 1.04 0.34 0.11 0.08 1.58 0.52 1.16 0.51 

Reduction 45.57% 67.61% 27.27% 67.09% 56.03% 
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3.5 Conclusions  

The sway and stability of the compensation rope and main rope in a high-rise elevator 

system with time-varying length under earthquake excitation were analyzed. This chapter 

described a method to calculate the governing equation of two ropes vibrating simultaneously. 

Rope vibration control was analyzed for four cases: without disturbance and static car, without 

disturbance and mobile car, including disturbance and static car, and including disturbance and 

mobile car. The following conclusions can be drawn in accordance with the results of 

simulations: 

�x The proposed control method of the elevator rope vibration is stability.  

�x The numerical model results indicated good performance of the control method for 

vibration in elevator ropes in a high-rise building under earthquake excitation. The 

proposed controller also demonstrated effectiveness in cases where the elevator car was 

moving upward, downward, stopped at the lowest floor, and stopped at the highest 

floor. 

  



84 
 

Chapter 4 

Optimal design of controller to reduce elevator rope  

using Genetic Algorithms 

4.1 Optimize control parameters for elevator ropes by Genetic Algorithms 

Based on the proposed control force Eq. (3.61) in Chapter 3, in order to save system energy, 

the control force will turn to zero if it is a negative value. Moreover, the control force is also 

limited to a value which is aimed to satisfy a practical operating condition. Consequently, a 

new controller is obtained as: 

�	 �

�£�¦ �b�¦�¦�¦�¦�� �� ���¤�¦�¦�¦ �p�¦�¦�¥

�. ���� ��T 5

5 5

0 if 0

sign if 10 0

10 if 10

U

U U

U

q q q  

(4.1) 

where �.= [�kc1 �kc2… �kcN �km1 �km2… �kmN]  with �kci , �kmi  > 0, k
i
, i = 1,…, N are control 

parameters. The stability of the controller was considered in our previous researches. 

Based on the Eq. (4.1), there is a large set of candidate values for control parameters, 

resulting in a substantially larger number of combinations to examine to find an optimum value 

satisfying the reduction of the vibration of the ropes. A genetic algorithm has been developed 

for finding the optimal values of the control parameters �kci , �kmi . In addition, these parameters 

are searched in two cases: the elevator is upward, and the elevator is downward. In each case, 

the control parameters were found. The value of the control force depends on the value of the 

control parameters. However, the control force is limited to a value which is aimed to satisfy a 

practical operating condition. Therefore, the design variables (�kci , �kmi) are set in a range from 

1 to 9.9x106 to satisfy the safety condition of the elevator system in practical. Moreover, 

conditions of the design variables are set as:  

1 2
...

c c cN
�B �B �B�� �� ��  (4.2) 

1 2
...

m m mN
�B �B �B�� �� ��  (4.3) 

The above conditions will make the process of GA is not complicated and they are also 

suitable to set the values for an actuator in practical. The outline of the genetic algorithm 

technique is considered as follows:  
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Firstly, an initial population of control parameters (�kci , �kmi) is randomly produced in 

conformity with predefined population size. 

Secondly, each chromosome in the population is assessed through a predefine fitness 

function. 

Thirdly, the selection function is used to pick out the parents and then the crossover and 

mutation operators are applied to generate new children from picked out parents. According to 

the fitness function, the newly generated children are evaluated. 

Fourthly, the selection function is applied to select and create the new generation among the 

parents and children. 

Finally, pre-specific stopping criterion for the algorithm is being checked. If the algorithm 

reaches to the predefined number of interactions, the processing terminates. Otherwise, the 

algorithm goes to Step 2. 

The fitness function is defined as the following: 

1

max max
c m

f
x x

��
��

 
(4.4) 

where �' �ˆ  and �' �~ are the displacement responses of the main rope and the compensation rope, 

respectively.  

In the GA processing, a stopping criterion is chosen. This value is the number of iteration, 

which is high enough to satisfy the convergence of the method. The flowchart of the GA 

procedure is shown in Fig. 4.1. The design variables of control (�kci  , �kmi) are represented as 

�kci = �"�Æ× 10�Ž�õ, �kmi = �"�ï × 10�Ž�š. Then �"�Æ~�"�š are set as the genes for Genetic Algorithm. The 

parameters of the Genetic Algorithm are shown in Table 4.1. 

In order to optimize control parameters for elevator rope, the GA procedure is used for five 

cases of earthquake including Kumamoto NS wave (2016, Kumamoto Earthquake), Sendai NS 

wave (2011, Great East Japan Earthquake), Shinjuku NS wave (2007, Nigita Prefecture 

Chuetsu Oki Earthquake), Tomakomai NS wave (2003, Tokachi Earthquake) and Tokamachi 

NS wave (2004, Nigita Prefecture Chuetsu Earthquake). In each case of the earthquake, the 

control parameters are optimized for two cases of moving car, including downward, upward. 

Table 4.1 Parameters of Genetic Algorithm 
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Parameter Gene Value 

Control parameter �kci  
�"�Æ 1, 2, …,9.9 

�"�õ 1, 2, …, 6 

Control parameter �kmi 
�"�ï  1, 2, …, 9.9 

�"�š 1, 2, …,6 

Population size - 8 

Generation number - 400 

Crossover rate - 0.8 

Mutation rate - 0.3 

 

 

Fig. 4.1 Flow chart of the proposed Genetic Algorithm 



87 
 

Case 1: Optimize control parameters when the elevator is upward 

In order to verify the convergence of the GA procedure, the evolution of the fitness function 

value can be observed in Fig. 4.2, Fig. 4.3, Fig. 4.4, Fig. 4.5, and Fig. 4.6 under 5 cased of 

earthquake Kumamoto NS wave (2016, Kumamoto Earthquake), Sendai NS wave (2011, Great 

East Japan Earthquake), Shinjuku NS wave (2007, Nigita Prefecture Chuetsu Oki Earthquake), 

Tomakomai NS wave (2003, Tokachi Earthquake) and Tokamachi NS wave (2004, Nigita 

Prefecture Chuetsu Earthquake), respectively. It can be observed in these figures that the best 

value of fitness functions are achieved with 400 times of iterations. Hence, computation is 

carried up to more 400 times of iteration, and it will be not so much different. Therefore, it can 

be concluded that the GA procedure is convergence. The optimal control parameters are listed 

in Table 4.2. 

Table 4.2. Parameters of the controller 

 Optimal value of mi
�B  Optimal value of ci

�B  

Kumamoto 44.88 10�q   51.64 10�q  

Sendai 53.21 10�q  55.12 10�q  

Shinjuku 67.28 10�q  65.41 10�q  

Tomakomai 65.57 10�q  63.40 10�q  

Tokamachi 63.29 10�q  59.41 10�q  

 

 

Fig. 4.2 Evolution of the fitness function values (Kumamoto Earthquake) 
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Fig. 4.3 Evolution of the fitness function values (Sendai Earthquake) 

 

Fig. 4.4 Evolution of the fitness function values (Shinjuku Earthquake) 

 

Fig. 4.5 Evolution of the fitness function values (Tokamachi Earthquake) 

B
es

t f
itn

es
s 

va
lu

e 
B

es
t f

itn
es

s 
va

lu
e 



89 
 

 

Fig. 4.6 Evolution of the fitness function values (Tomakomai Earthquake) 

Figure 4.7 shows the displacement of the main rope when the elevator car is downward 

under Kumamoto earthquake. The displacement of the compensation rope when the car is 

downward under Kumamoto earthquake is denoted in Fig. 4.8. The vibration of elevator ropes 

reduces significantly by using optimal control parameters. The maximum amplitude of the 

main rope and the compensation rope when using optimal parameters are 0.60 m and 0.15 m. 

The control force, in this case, is described in Fig. 4.9.  

Figure 4.10 shows the displacement of the main rope when the elevator car is down under 

the Sendai earthquake. The displacement of the compensation rope when the car is down under 

the Sendai earthquake is denoted in Fig. 4.11. The vibration of elevator ropes also reduces 

significantly by using optimal control parameters. The maximum amplitude of the main rope 

and the compensation rope when using optimal parameters are 0.04 m and 0.24 m. The control 

force, in this case, is described in Fig. 4.12.  

Figure 4.13 shows the displacement of the main rope when the elevator car is downward 

under Shinjuku earthquake. The displacement of the compensation rope when the car is 

downward under Shinjuku earthquake is denoted in Fig. 4.14. The vibration of elevator ropes 

also reduces significantly by using optimal control parameters. The maximum amplitude of the 

main rope and the compensation rope when using optimal parameters are 0.01 m and 0.01 m. 

The control force, in this case, is described in Fig. 4.15.  

Figure 4.16 shows the displacement of the main rope when the elevator car is down under 

the Tokamachi earthquake. The displacement of the compensation rope when the car is down 

under the Tokamachi earthquake is denoted in Fig. 4.17. The vibration of elevator ropes also 

reduces significantly by using optimal control parameters. The maximum amplitude of the 
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main rope and the compensation rope when using optimal parameters are 0.08 m and 0.17 m. 

The control force, in this case, is described in Fig. 4.18.  

Figure 4.19 shows the displacement of the main rope when the elevator car is downward 

under Tomakomai earthquake. The displacement of the compensation rope when the car is 

downward under Tomakomai earthquake is denoted in Fig. 4.20. The vibration of elevator 

ropes also reduces significantly by using optimal control parameters. The maximum amplitude 

of the main rope and the compensation rope when using optimal parameters are 0.21 m and 

0.25 m. The control force, in this case, is described in Fig. 4.21.  

 
Fig. 4.7 Displacement response of the main rope 

(Under Kumamoto earthquake) 

 
Fig. 4.8 Displacement response of the compensation rope  

(Under Kumamoto earthquake) 
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Fig. 4.9 Output of the actuator (Under Kumamoto earthquake) 

 
Fig. 4.10 Displacement response of the main rope 

(Under Sendai earthquake) 

 
Fig. 4.11 Displacement response of the compensation rope  

(Under Sendai earthquake) 
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Fig. 4.12 Output of the actuator (Under Sendai earthquake) 

 
Fig. 4.13 Displacement response of the main rope 

(Under Shinjuku earthquake) 

 
Fig. 4.14 Displacement response of the compensation rope  

(Under Shinjuku earthquake) 
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Fig. 4.15 Output of the actuator (Under Shinjuku earthquake) 

 
Fig. 4.16 Displacement response of the main rope 

(Under Tokamachi earthquake) 

 
Fig. 4.17Displacement response of the compensation rope  

(Under Tokamachi earthquake) 
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Fig. 4.18 Output of the actuator (Under Tokamachi earthquake) 

 
Fig. 4.19 Displacement response of the main rope 

(Under Tomakomai earthquake) 

 
Fig. 4.20 Displacement response of the compensation rope  

(Under Tomakomai earthquake) 
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Fig. 4.21 Output of the actuator (Under Tomakomai earthquake) 

Case 2: Optimize control parameters when the elevator is downward 

In order to verify the convergence of the GA procedure, the evolution of the fitness function 

value can be observed in Fig. 4.22, Fig. 4.23, Fig. 4.24, Fig. 4.25, and Fig. 4.26 under 5 cased 

of earthquake Kumamoto NS wave (2016, Kumamoto Earthquake), Sendai NS wave (2011, 

Great East Japan Earthquake), Shinjuku NS wave (2007, Nigita Prefecture Chuetsu Oki 

Earthquake), Tomakomai NS wave (2003, Tokachi Earthquake) and Tokamachi NS wave 

(2004, Nigita Prefecture Chuetsu Earthquake), respectively. It can be observed in these figures 

that the best value of fitness functions are achieved with 400 times of iterations. Hence, 

computation is carried up to more 400 times of iteration, and it will be not so much different. 

Therefore, it can be concluded that the GA procedure is convergence. The optimal control 

parameters are listed in Table 4.3. 

 

Table 4.3. Parameters of the controller 

 Optimal value of mi
�B  Optimal value of ci

�B  

Kumamoto 52.71 10�q   59.32 10�q  

Sendai 55.88 10�q  61.27 10�q  

Shinjuku 68.00 10�q  67.70 10�q  

Tomakomai 61.20 10�q  51.12 10�q  

Tokamachi 61.40 10�q  62.40 10�q  
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Fig. 4.22 Evolution of the fitness function values (Kumamoto Earthquake) 

 

Fig. 4.23 Evolution of the fitness function values (Sendai Earthquake) 

 

Fig. 4.24 Evolution of the fitness function values (Shinjuku Earthquake) 
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Fig. 4.25 Evolution of the fitness function values (Tokamachi Earthquake) 

 

Fig. 4.26 Evolution of the fitness function values (Tomakomai Earthquake) 

Figure 4.27 shows the displacement of the main rope when the elevator car is downward 

under Kumamoto earthquake. The displacement of the compensation rope when the car is 

downward under Kumamoto earthquake is denoted in Fig. 4.28. The vibration of elevator ropes 

reduces significantly by using optimal control parameters. The maximum amplitude of the 

main rope and the compensation rope when using optimal parameters are 0.38 m and 0.21 m. 

The control force, in this case, is described in Fig. 4.29.  

Figure 4.30 shows the displacement of the main rope when the elevator car is down under 

the Sendai earthquake. The displacement of the compensation rope when the car is down under 

the Sendai earthquake is denoted in Fig. 4.31. The vibration of elevator ropes also reduces 

significantly by using optimal control parameters. The maximum amplitude of the main rope 

and the compensation rope when using optimal parameters are 0.36m and 0.03 m. The control 

force, in this case, is described in Fig. 4.32.  
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Figure 4.33 shows the displacement of the main rope when the elevator car is downward 

under Shinjuku earthquake. The displacement of the compensation rope when the car is 

downward under Shinjuku earthquake is denoted in Fig. 4.34. The vibration of elevator ropes 

also reduces significantly by using optimal control parameters. The maximum amplitude of the 

main rope and the compensation rope when using optimal parameters are 0.02 m and 0.01 m. 

The control force, in this case, is described in Fig. 4.35.  

Figure 4.36 shows the displacement of the main rope when the elevator car is down under 

the Tokamachi earthquake. The displacement of the compensation rope when the car is down 

under the Tokamachi earthquake is denoted in Fig. 4.37. The vibration of elevator ropes also 

reduces significantly by using optimal control parameters. The maximum amplitude of the 

main rope and the compensation rope when using optimal parameters are 0.23 m and 0.06 m. 

The control force, in this case, is described in Fig. 4.38.  

Figure 4.39 shows the displacement of the main rope when the elevator car is downward 

under Tomakomai earthquake. The displacement of the compensation rope when the car is 

downward under Tomakomai earthquake is denoted in Fig. 4.40. The vibration of elevator 

ropes also reduces significantly by using optimal control parameters. The maximum amplitude 

of the main rope and the compensation rope when using optimal parameters are 0.60 m and 

0.11 m. The control force, in this case, is described in Fig. 4.41.  

 
Fig. 4.27 Displacement response of the main rope 

(Under Kumamoto earthquake) 
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Fig. 4.28 Displacement response of the compensation rope  

(Under Kumamoto earthquake) 

 

Fig. 4.29 Output of the actuator (Under Kumamoto earthquake) 

 
Fig. 4.30 Displacement response of the main rope 

(Under Sendai earthquake) 
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Fig. 4.31 Displacement response of the compensation rope  

(Under Sendai earthquake) 

 

Fig. 4.32 Output of the actuator (Under Sendai earthquake) 

 
Fig. 4.33 Displacement response of the main rope 

(Under Shinjuku earthquake) 
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Fig. 4.34 Displacement response of the compensation rope  

(Under Shinjuku earthquake) 

 

Fig. 4.35 Output of the actuator (Under Shinjuku earthquake) 

 
Fig. 4.36 Displacement response of the main rope 

(Under Tokamachi earthquake) 
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Fig. 4.37 Displacement response of the compensation rope  

(Under Tokamachi earthquake) 

 

Fig. 4.38 Output of the actuator (Under Tokamachi earthquake) 

 
Fig. 4.39 Displacement response of the main rope 

(Under Tomakomai earthquake) 
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Fig. 4.40 Displacement response of the compensation rope  

(Under Tomakomai earthquake) 

 

Fig. 4.41 Output of the actuator (Under Tomakomai earthquake) 

4.2 Expected values of control parameters by standard deviation method 

In the previous section, the optimal control parameters are found by using Genetic 

Algorithm method. However, it takes time to calculate the optimal control parameters. It is not 

able to reduce the vibration of elevator rope in practical. Therefore, based on the optimal 

parameters, the expected value of control parameters is required to select. These value will be 

set for the actuator before an earthquake happens. The expected value of control parameters is 

found by using the standard deviation method. These values will be tested for the elevator 

system under another earthquake that is different from the earthquakes using in GA method. 

The expected values are given by: 

0
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j j
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�� �o�œ  (4.5) 
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where 
_expj

�B  j= m, c are expected controller parameters. 
j

�T is population standard deviation. 

�� ��  is a number of ethe arthquake using Gthe A method.    
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In order to save the energy of the actuator, the controller parameters are measured as: 

0

_ exp
1 0

n
ji

j j
i n

�B
�B �T

��

�� ���œ  (4.8) 

The expected values of controller parameters are measured and listed in Table 4.4. The 

vibrations of the elevator ropes are analyzed under 4 kinds of earthquake including Osaka 

earthquake NS wave (2018, Osaka Prefecture Northern Earthquake), Hokkaido earthquake NS 

wave (2018, Hokkaido Iburi Eastern Earthquake), Sakai earthquake NS wave (2016, 

Kumamoto Earthquake) and Konohana earthquake NS wave (2011, Great East Japan 

Earthquake) 

Table 4.4. Parameters of the expected value controller 

Upward Downward 

�.mi �.ci �.mi �.ci 

2.03×106 1.19×106 1.00×106 1.27×106 
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Case 1: Hokkaido earthquake NS wave (2018, Hokkaido Iburi Eastern Earthquake) 

The building is analyzed in 250 seconds under Kumamoto earthquake excitation. The 

acceleration of the earthquake data is shown in Fig. 4.42. Figure 4.43 shows the acceleration 

of the top floor of the building under the Kumamoto earthquake. The maximum value of the 

acceleration of the top floor is 8.74 m/s2. Figure 4.44 shows the velocity of the top floor of the 

building under the Kumamoto earthquake. The maximum value of the acceleration of the top 

floor is 0.60 m/s. Figure 4.45 shows the displacement of the top floor of the building under the 

Kumamoto earthquake. The maximum value of the acceleration of the top floor is 0.16 m. 

 

Fig. 4.42 Kumamoto earthquake acceleration data (NS wave) 

 

Fig. 4.43 Acceleration of the building’s top story 
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Fig. 4.44 Velocity of the building’s top story 

 

Fig. 4.45 Displacement of the building’s top story 

The vibration of the elevator ropes is analyzed in a randomly selected period of 37 

seconds (from the second 15th to the second 52nd).  

For the case when the rope is moving upward, the displacement responses of the main rope 

is denoted in Fig. 4.46 and the displacement of the compensation rope are denoted in Fig. 4.47. 

The maximum amplitude of the main rope without the actuator is 0.89 m. When the actuator is 

installed and used the proposed control method, the displacement response of the main rope is 

reduced. The maximum amplitude of the main rope by using the actuator is 0.14 m. The 

maximum amplitude of the compensation rope without actuator is 0.35 m, and it is reduced by 

using actuator with the proposed control method. The maximum amplitude of the compensation 

rope by using the actuator is 0.19 m. Figure 4.48 presents the value of the control force in this 

case. 

Figure 4.49 and 4.50 show the displacement response of two ropes when the car is 

downward. When the actuator is not used, the maximum amplitude of the main rope is 1.15 m, 
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and the maximum amplitude of the compensation rope was 0.10 m. The maximum amplitudes 

of the main rope and the compensation rope with the controller were 0.16 m and 0.07 m, 

respectively. Figure 4.51 presented the value of the control force in this case. 

 
Fig. 4.46 Displacement response of the main rope 

(When the elevator system moves upward) 

 
Fig. 4.47 Displacement response of the compensation rope 

(When the elevator system moves upward) 

 

Fig. 4.48 Output of the actuator 
(When the elevator system moves upward) 



108 
 

 
Fig. 4.49 Displacement response of the main rope 

(When the elevator system moves downward) 

 
Fig. 4.50 Displacement response of the compensation rope 

(When the elevator system moves downward) 

 
Fig. 4.51 Output of the actuator 

(When the elevator system moves downward) 
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Case 2: Konohana Earthquake ES wave (2011, Great East Japan Earthquake) 

The building is analyzed in 270 seconds under Konohana earthquake excitation. The 

acceleration of the earthquake data is shown in Fig. 4.52. Figure 4.53 shows the acceleration 

of the top floor of the building under the Konohana earthquake. The maximum value of the 

acceleration of the top floor is 1.10 m/s2. Figure 4.54 shows the velocity of the top floor of the 

building under the Konohana earthquake. The maximum value of the acceleration of the top 

floor is 0.87 m/s. Figure 4.55 shows the displacement of the top floor of the building under the 

Konohana earthquake. The maximum value of the acceleration of the top floor is 0.80 m. 

 

Fig. 4.52 Konohana earthquake acceleration data (NS wave) 

 

Fig. 4.53 Acceleration of the building’s top story 
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Fig. 4.54 Velocity of the building’s top story 

 

Fig. 4.55 Displacement of the building’s top story 

The vibration of the elevator ropes is analyzed in a randomly selected period of 37 

seconds (from the second 150th to the second 187th).  

For the case when the rope is moving upward, the displacement responses of the main rope 

is denoted in Fig. 4.56 and the displacement of the compensation rope are denoted in Fig. 4.57. 

The maximum amplitude of the main rope without the actuator is 0.40m. When the actuator is 

installed and used the proposed control method, the displacement response of the main rope is 

reduced. The maximum amplitude of the main rope by using the actuator is 0.05 m. The 

maximum amplitude of the compensation rope without actuator is 0.62 m, and it is reduced by 

using actuator with the proposed control method. The maximum amplitude of the compensation 

rope by using the actuator is 0.11 m. Figure 4.58 presents the value of the control force in this 

case. 

Figure 4.59 and 4.60 show the displacement response of two ropes when the car is 

downward. When the actuator is not used, the maximum amplitude of the main rope is 0.75 m, 
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and the maximum amplitude of the compensation rope was 0.13 m. The maximum amplitudes 

of the main rope and the compensation rope with the controller were 0.11 m and 0.04 m, 

respectively. Figure 4.61 presented the value of the control force in this case. 

 
Fig. 4.56 Displacement response of the main rope 

(When the elevator system moves upward) 

 
Fig. 4.57 Displacement response of the compensation rope 

(When the elevator system moves upward) 

 

Fig. 4.58 Output of the actuator 
(When the elevator system moves upward) 
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Fig. 4.59 Displacement response of the main rope 

(When the elevator system moves downward) 

 
Fig. 4.60 Displacement response of the compensation rope 

(When the elevator system moves downward) 

 
Fig. 4.61 Output of the actuator 

(When the elevator system moves downward) 
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Case 3: Osaka earthquake NS wave (2018, Osaka Prefecture Northern Earthquake) 

The building is analyzed in 120 seconds under Osaka earthquake excitation. The acceleration 

of the earthquake data is shown in Fig. 4.62. Figure 4.63 shows the acceleration of the top floor 

of the building under the Osaka earthquake. The maximum value of the acceleration of the top 

floor is 2.94 m/s2. Figure 4.64 shows the velocity of the top floor of the building under the 

Osaka earthquake. The maximum value of the acceleration of the top floor is 0.32 m/s. Figure 

4.65 shows the displacement of the top floor of the building under the Osaka earthquake. The 

maximum value of the acceleration of the top floor is 0.06m.  

 

Fig. 4.62 Osaka earthquake acceleration data (NS wave) 

 

Fig. 4.63 Acceleration of the building’s top story 
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Fig. 4.64 Velocity of the building’s top story 

 

Fig. 4.65 Displacement of the building’s top story 

The vibration of the elevator ropes is analyzed in a randomly selected period of 37 

seconds (from the second 15th to the second 52nd).  

For the case when the rope is moving upward, the displacement responses of the main rope 

is denoted in Fig. 4.66 and the displacement of the compensation rope are denoted in Fig. 6.67. 

The maximum amplitude of the main rope without the actuator is 0.36 m. When the actuator is 

installed and used the proposed control method, the displacement response of the main rope is 

reduced. The maximum amplitude of the main rope by using the actuator is 0.06 m. The 

maximum amplitude of the compensation rope without actuator is 0.30 m, and it is reduced by 

using actuator with the proposed control method. The maximum amplitude of the compensation 

rope by using the actuator is 0.06 m. Figure 4.68 presents the value of the control force in this 

case. 

Figure 4.69 and 4.70 show the displacement response of two ropes when the car is 

downward. When the actuator is not used, the maximum amplitude of the main rope is 0.37 m, 
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and the maximum amplitude of the compensation rope was 0.09 m. The maximum amplitudes 

of the main rope and the compensation rope with the controller were 0.07 m and 0.04 m, 

respectively. Figure 4.71 presented the value of the control force in this case. 

 
Fig. 4.66 Displacement response of the main rope 

(When the elevator system moves upward) 

 
Fig. 4.67 Displacement response of the compensation rope 

(When the elevator system moves upward) 

 

Fig. 4.68 Output of the actuator 
(When the elevator system moves upward) 
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Fig. 4.69 Displacement response of the main rope 

(When the elevator system moves downward) 

 
Fig. 4.70 Displacement response of the compensation rope 

(When the elevator system moves downward) 

 
Fig. 4.71 Output of the actuator 

(When the elevator system moves downward) 
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Case 4: Sakai earthquake NS wave (2016, Kumamoto Earthquake) 

The building is analyzed in 60 seconds under Sakai earthquake excitation. The acceleration of 

the earthquake data is shown in Fig. 4.72. Figure 4.73 shows the acceleration of the top floor 

of the building under Sakai earthquake. The maximum value of the acceleration of the top floor 

is 0.31 m/s2. Figure 4.74 shows the velocity of the top floor of the building under Sakai 

earthquake. The maximum value of the acceleration of the top floor is 0.25 m/s. Figure 4.75 

shows the displacement of the top floor of the building under Sakai earthquake. The maximum 

value of the acceleration of the top floor is 0.22 m. 

 

Fig. 4.72 Sakai earthquake acceleration data (NS wave) 

 

Fig. 4.73 Acceleration of the building’s top story 
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Fig. 4.74 Velocity of the building’s top story 

 

Fig. 4.75 Displacement of the building’s top story 

The vibration of the elevator ropes is analyzed in a randomly selected period of 37 

seconds (from the second 20th to the second 57th).  

For the case when the rope is moving upward, the displacement responses of the main rope 

is denoted in Fig. 4.76 and the displacement of the compensation rope are denoted in Fig. 4.77. 

The maximum amplitude of the main rope without the actuator is 0.37 m. When the actuator is 

installed and used the proposed control method, the displacement response of the main rope is 

reduced. The maximum amplitude of the main rope by using the actuator is 0.05 m. The 

maximum amplitude of the compensation rope without actuator is 0.40 m, and it is reduced by 

using actuator with the proposed control method. The maximum amplitude of the compensation 

rope by using the actuator is 0.06 m. Figure 4.78 presents the value of the control force in this 

case. 

Figure 4.79 and 4.80 show the displacement response of two ropes when the car is 

downward. When the actuator is not used, the maximum amplitude of the main rope is 0.26 m, 
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and the maximum amplitude of the compensation rope was 0.12 m. The maximum amplitudes 

of the main rope and the compensation rope with the controller were 0.09 m and 0.03 m, 

respectively. Figure 4.81 presented the value of the control force in this case. 

 
Fig. 4.76 Displacement response of the main rope 

(When the elevator system moves upward) 

 
Fig. 4.77 Displacement response of the compensation rope 

(When the elevator system moves upward) 

 

Fig. 4.78 Output of the actuator 
(When the elevator system moves upward) 
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Fig. 4.79 Displacement response of the main rope 

(When the elevator system moves downward) 

 
Fig. 4.80 Displacement response of the compensation rope 

(When the elevator system moves downward) 

 
Fig. 4.81 Output of the actuator 

(When the elevator system moves downward) 
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Table 4.5 Maximum displacement response and the reduction of the main rope [m] 

Earthquake Hokkaido 

 

Konohana 

 

Osaka 

 

Sakai 

 
Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Upward 0.89 0.14 0.40 0.05 0.36 0.06 0.37 0.05 

Reduction 84.27% 87.5% 83.33% 86.49% 

Downward 1.15 0.16 0.75 0.11 0.37 0.07 0.26 0.09 

Reduction 86.09% 85.33% 81.08% 65.38% 

 

Table 4.6 Maximum displacement response and the reduction of the compensation rope [m] 

Earthquake Hokkaido 

 

Konohana 

 

Osaka 

 

Sakai 

 
Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Without 

actuator 

With 

actuator 

Upward 0.35 0.19 0.62 0.11 0.30 0.06 0.40 0.06 

Reduction 45.71% 82.26% 80.00% 85.00% 

Downward 0.10 0.07 0.13 0.04 0.09 0.04 0.12 0.03 

Reduction 30.00% 69.23% 55.56% 75.00% 
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4.3 Conclusions 

This chapter presented a method to optimize the control parameters to reduce the lateral 

response of both ropes under earthquakes excitation. The Genetic Algorithm theory is applied 

to optimize the parameter of the controllers. The expected values are measured by using the 

standard deviation method. The following conclusions can be drawn:  

�x The numerical model results indicate good effectiveness of the control method combine 

with Genetic Algorithm theory for restraining the vibration of compensation rope and the 

main rope in a high-rise building under earthquake excitation. The proposed controller is 

also effective. The performance of the proposed controller is verified in cases elevator 

system movement: upward movement, downward movement.  

�x The expected values for the proposed controller are applied for another case of 

earthquakes. The consequence indicates that the proposed controller can be used for 

practical elevator system under earthquake excitation in general. 
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Chapter 5 

Analyze and control the vibration of a cable-guided hoisting 

system 

5.1 Dynamic of the cable-guide hoisting system 

There are a lot of studies about analyzing and control the vibration of the elevator system 

which has rigid rails. However, in practice, there is some special elevator system as Fig. 5.1. 

This model is used to work in the deep shaft. The system is known as a cable-guided hoisting 

system. There are ahead sheave, a hoisting cable, a bucket, two suspension cable cables, a 

platform hung by four ropes. Now, this system has been used for the mining elevator. 

 

Fig. 5.1 Cable-guided hoisting system 
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The cable-guide hoisting system can be simplified as the model shown in Fig. 5.2. This model 

includes one hoisting rope of length �	 �
l t at the time instant t, two guide ropes of length L, and 

a conveyance of mass 1m  attached to the tip of the hoisting rope and supported by two guide 

ropes  �	 �
f t  is the vibration of the head sheave due to the environmental disturbance. In order 

to reduce the vibration of the hoisting rope, an actuator is installed at the conveyance. Figure 

5.3 is the equivalent model of the cable-guided hoisting system. The equivalent stiffness and 

damping of the two guide cables are  1 2
,

e e
k k  and 1 2

,
e e

c c , respectively. e
m is the equivalent mass 

of the guide cable. 

 

(a) Simplified model                                      (b) Equivalent model 

            Fig. 5.2 Model of the cable-guided hoisting system 
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The equation of motion of the hoisting rope can be written as follows: 
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(5.1) 

where �	 �
 �	 �
�	 �
1 1 em m x l t�S �S �E�� �� �� �� , �	 �
�	 �
x l t�E �� is Dirac delta function, 
2

2
3e

m L�S�� , 2
�Sis 

the density of the guide cable, �	 �
a t  is the acceleration of the hoisting rope, �	 �
v t  is the velocity 

of the hoisting rope. E is Young’s modulus of the hoisting rope, and A is the section area of the 

hoisting rope. T is the tension of the hoisting rope. The tension of the hoisting rope is given as: 

without actuator 

�	 �
 �	 �
�	 �
 �	 �
�	 �
1 1, t ,T x m l t x g a t�S�  �¯�� �� �� ���¡ �°�¢ �±
 (5.2) 

with actuator 
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 (5.3) 

The tension of the guide cables are given as: 
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The equivalent stiffness of the guide cables is given by: 
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The equivalent stiffness of the guide cables is given by: 

�	 �
 �	 �
1 1 1
,

e e
c t k t�Y��  (5.8) 

�	 �
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2 2 2
,

e e
c t k t�Y��  (5.9) 

where 1
�Yand 2

�Y are the damping ratio of the guide cables. 

The transverse response of the hoisting rope can be expressed as follows: 
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The partial derivatives of the hoisting rope dynamic response can be calculated as: 
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�	 �
, ty x  is the vibration of the hoisting rope and satisfied the boundary conditions: 

�	 �
0, 0,y t ��  

�	 �
�	 �
, 0.y l t t ��  

(5.16) 
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The solution of the vibration the hoisting rope �	 �
, ty x  is obtained as: 
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(5.17) 

where �	 �
j
q t  1,...,j N��  is the modal coordinate respect to �	 �
,y x t , 

�	 �
j

x

l t
�K

�• �¬�­�ž �­�ž �­�ž �­�ž �­�­�ž�Ÿ �®
 is the mode 

shape, and N  is the number of modes. The mode shape can be described as:  
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(5.18) 

The mode shapes used are normalized, so that: 

�	 �

�	 �


2

0

, 1,
l t

j
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A new variable is given as: 

�	 �

.

x

l t
�[ ��   (5.21) 

This new variable describes the varying domain�	 �
0,l t�  �¯
�¡ �°�¢ �±

 for x  to a stable domain 0,1�  �¯�¡ �°�¢ �± for 

�[ . Hence, the above normalization in the new variable can be written as follows: 
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j i

d i j�K �[ �K �[ �[�� �� �v�¨   (5.23) 

The solution of the vibration of the rope �	 �
,y x t  can be rewritten by the new variable as 

follows: 
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The partial derivatives �	 �
, ty x can be calculated as: 
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(5.29) 

Substituting Eqs (5.11)-(5.15) in Eq (5.1) yields:  
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(5.30) 

In practice, the guide cables will have damping. For analysis, the damping term is directly 

added to Eq. (5.30). Moreover, note that the Eq. (5.30) is a high order and coupled, which 

makes little difference to the result and causes great difficulties in solving the equation. 

Therefore, Eq. (5.30) can be rewritten as: 
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Substituting Eqs (5.25)-(5.29) in Eq (5.31), multiplying it with �	 �
 �	 �
i
l t�K �[  and integrating 

it from 0�[ �� to 1, the motion of equation of hoisting rope is as follows: 
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(5.32) 
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The matrix form of the equation of motion can be presented as follows: 
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 5.2 Design the controller and numerical results 

As in Chapter 2, the controller for the cable-guided hoisting system is given as follows: 

�	 �

�£�¦ �b�¦�¦�� �¤�¦ ���¦�¦�¥
�. ���� ��

0 if 0

sign if 0T

U
U

Uq q q
  (5.40) 

  

The properties of the cable-guided hoisting system are listed in Table 5.1. The maximum 

length of the hoisting rope is 430L �� m with a density per unit length of 1.5 kg.m-1. The 

Young’s modulus and section area of the hoisting rope is 51.05 10�q MPa and 5 27.854 10 m���q

. The density per unit length of the guide cable is 0.2 kg.m-1. The damping ratio of the guide 

cable is 0.03. The mass of the hoisting conveyance is 500 kg. The preload in the guide cable 

is 43 10�q N. For cases moving of the hoisting system, the acceleration of the bucket is 0.8m.s-

2, the velocity of the bucket is 6 m.s-1. A MATLAB implementation of an explicit Newmark–

�Cformula was used to integrate the motion equation of the hoisting rope.  

The disturbance is assumed as the sin wave and is described as follows: 

�	 �
 �	 �
1
.sin 2 mf t A ft�Q �  �¯�� �¡ �°�¢ �± (5.41) 

The vibration of the hoisting rope is analyzed for 70 seconds and 3 cases of disturbance. 

The values of A and f  are listed in Table 5. 2. The control parameters are chosen  

1 ... 5000N N�B �B �B�� �� �� ��  (5.42) 
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Table 5.1. Cable-guided hoisting system properties for the numerical simulation 

Parameter Symbol Value 

Mass per length of hoisting rope 1
�S  1.5 kg.m-1 

Mass per length of guide rope �S
2 0.2 kg.m-1 

Velocity of the bucket  v 6 m.s-1 

Acceleration of the bucket a 0.8 m.s-2 

Length of the cable L  430 m 

Preload in the guide cables 1 2
,

b b
T T   43 10�q N 

Mass of the hoisting conveyance 1
m  500 kg. 

Young’s modulus E  51.05 10�q MPa 

Section area A 57.854 10���q m2 

Number of modes N 3 

Table 5.2. The values of A and f  

 A f  

Case 1 0.1 [m] 0.2 

Case 2 0.5 [m] 0.2 

Case 3 0.1 [m] 0.5 

 

Case 1: �	 �
 �	 �
0.1.sin 2 0.2 mf t t�Q �  �¯�� �¡ �°�¢ �± 

For the case when the hoisting rope is moving upward, the displacement responses of the 

hoisting rope is denoted in Fig. 5.3. When the actuator was not used, the maximum amplitude 

of the hoisting rope was 0.75 m. When the controller was used, a displacement reduction of the 

rope was observed. The displacement of the hoisting rope by using controller was maximum 

at 0.20 m. Figure 5.4 presented the value of the control force in this case. Figure 5.5 showed 
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the displacement response of the hoisting rope when the bucket is downward. When the 

actuator was not used, the maximum amplitude of the hoisting rope was 0.90 m. The maximum 

amplitude of the rope with the controller was 0.20 m. Figure 5.6 presented the value of the 

control force in this case. The length of the hoisting rope maximizes when the bucket is at the 

lowest location. For this case, Fig. 5.7 shows that the maximum displacement of the rope 

without the controller was 0.86 m. The displacement of this rope by using the controller was 

maximum at 0.27 m. Figure 5.8 presents the value of the control force in this case.  

 

Fig. 5.3 Displacement response of the hoisting rope 
(When the bucket moves upward) 

 
Fig. 5.4 Output of the actuator 

(When the bucket moves upward) 
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Fig. 5.5 Displacement response of the hoisting rope 

(When the bucket moves downward) 

 
Fig. 5.6 Output of the actuator 

(When the bucket moves downward) 

 

Fig. 5.7 Displacement response of the hoisting rope 
(When the bucket is at the lowest location) 
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Fig. 5.8 Output of the actuator 

(When the bucket is at the lowest location) 

 

Case 2: �	 �
 �	 �
0.5.sin 2 0.2 mf t t�Q �  �¯�� �¡ �°�¢ �± 

For the case when the hoisting rope is moving upward, the displacement responses of the 

hoisting rope is denoted in Fig. 5.9. When the actuator was not used, the maximum amplitude 

of the hoisting rope was 3.76 m. When the controller was used, a displacement reduction of the 

rope was observed. The displacement of the hoisting rope by using controller was maximum 

at 0.65 m. Figure 5.10 presented the value of the control force in this case. Figure 5.11 showed 

the displacement response of the hoisting rope when the bucket is downward. When the 

actuator was not used, the maximum amplitude of the hoisting rope was 4.48 m. The maximum 

amplitude of the rope with the controller was 0.63 m. Figure 5.12 presented the value of the 

control force in this case. The length of the hoisting rope maximizes when the bucket is at the 

lowest location. For this case, Fig. 5.13 shows that the maximum displacement of the rope 

without the controller was 2.43 m. The displacement of this rope by using the controller was 

maximum at 1.05 m. Figure 5.14 presents the value of the control force in this case.  
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Fig. 5.9 Displacement response of the hoisting rope 
(When the bucket moves upward) 

 
Fig. 5.10 Output of the actuator 

(When the bucket moves upward) 

 
Fig. 5.11 Displacement response of the hoisting rope 

(When the bucket moves downward) 
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Fig. 5.12 Output of the actuator 

(When the bucket moves downward) 

 

Fig. 5.13 Displacement response of the hoisting rope 
(When the bucket is at the lowest location) 

 
Fig. 5.14 Output of the actuator 

(When the bucket is at the lowest location) 
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Case 3: �	 �
 �	 �
0.1.sin 2 0.5 mf t t�Q �  �¯�� �¡ �°�¢ �± 

For the case when the hoisting rope is moving upward, the displacement responses of the 

hoisting rope is denoted in Fig. 5.15. When the actuator was not used, the maximum amplitude 

of the hoisting rope was 1.22 m. When the controller was used, a displacement reduction of the 

rope was observed. The displacement of the hoisting rope by using controller was maximum 

at 0.26 m. Figure 5.16 presented the value of the control force in this case. Figure 5.17 showed 

the displacement response of the hoisting rope when the bucket is downward. When the 

actuator was not used, the maximum amplitude of the hoisting rope was 1.40m. The maximum 

amplitude of the rope with the controller was 0.18 m. Figure 5.18 presented the value of the 

control force in this case. The length of the hoisting rope maximizes when the bucket is at the 

lowest location. For this case, Fig. 5.19 shows that the maximum displacement of the rope 

without the controller was 0.58 m. The displacement of this rope by using the controller was 

maximum at 0.26 m. Figure 5.20 presents the value of the control force in this case.  

 

Fig. 5.15 Displacement response of the hoisting rope 
(When the bucket moves upward) 
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Fig. 5.16 Output of the actuator 

(When the bucket moves upward) 

 
Fig. 5.17 Displacement response of the hoisting rope 

(When the bucket moves downward) 

 
Fig. 5.18 Output of the actuator 

(When the bucket moves downward) 
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Fig. 5.19 Displacement response of the hoisting rope 
(When the bucket is at the lowest location) 

 
Fig. 5.20 Output of the actuator 

(When the bucket is at the lowest location) 

5.3 Conclusions 

This section analyzes the vibration of a hoisting rope in a cable-guided hoisting system. A 

controller method which is presented in Chapter 2, is used to reduce the sway of the hoisting 

rope under external disturbance. The numerical model results indicated a good performance of 

the control method for hoisting rope. Therefore, the control method is not only used for 

common elevator system but also is used for another special model of rope, example cable-

guided hoisting system.  
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Chapter 6 

Conclusions 

In this dissertation, a new method to control the vibration of elevator rope was proposed. The 

stability of the method was proven by using Lyapunov theory. Moreover, the sway and of 

compensation rope and main rope in a high-rise elevator system with time-varying length under 

earthquake excitation were analyzed simultaneously. In addition, by using Genetic Algorithm 

method, the optimal parameters were found, the expected values were calculated by the 

standard deviation method. The proposed method is also confirmed by using it to control the 

vibration of another elevator model, which is called the cable-guide hoisting system. Base on 

the theoretical and simulation results, the achievements are summarized as follows: 

- The numerical model results indicated good performance of the control method for 

vibration in elevator ropes in a high-rise building under earthquake excitation. The 

proposed controller also demonstrated effectiveness in cases where the elevator car was 

moving upward, downward, stopped at the lowest floor, and stopped at the highest 

floor. 

- The mode number of elevator ropes that were used to calculate controller force was 

smaller than that which was used to calculate the vibration of ropes. Future research is 

required to develop a controller to restrain the sway of ropes in practice. 

- The numerical model results indicate good effectiveness of the control method combine 

with Genetic Algorithm theory for restraining the vibration of compensation rope and 

the main rope in a high-rise building under earthquake excitation. The proposed 

controller is also effective. 

- The expected values for the proposed controller are applied for another case of 

earthquakes. The consequence indicates that the proposed controller can be used for 

practical elevator system under earthquake excitation in general. 

- The proposed method also has effective to reduce the vibration of hoisting rope in cable-

guided hoisting system. 

- The results of this paper will be useful for engineering area in order to design and 

operate the elevator systems safety in high-rise buildings under earthquake excitations. 
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