Chapter 1
Introduction

1.1 Motivation

In recent years, with the grélof urbanization, therare a lot of highrise building
constructed. It leads to the number of the high 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 tngeekes. While the
elevator ropes vibrate, they can impact other equipment which assemttie area between
the building and elevator system. The life working of these rope will reduce remarkably due to
these frequent impacts. Moreover, the vibratibtnestrings can grow worsehe devices that
connect the elevator rope to the structuBeEsidesthe swaying of the cable can deteriorate
equipment that connects this elevator rope to the structure. The elevator shaft is also damaged
by these vibratios Noticeably, due to these severe damages, the elevator Lyatestop
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
reonance phenomenon can happen while the elevator sistgperating and the higkrise
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 researelxaminng the simultaneousvave of an elevator
compensation rope and main rope at varying rope lengths in aisgglbuilding under
earthquake excitation. Currently, elevators will automatically stop working when impacted by
an earthquake of severe magnitudewieer, in a higtrise building, noffunctioning elevators
may trap some people timeupper floors. If the vibration of the elevator ropes can be reduced,
thelift may be operationalt would allow forthe evacuation of residents from higHewels,

or emablethelift to be used to transport supplies or other items within the building.



1.2  Literature review

Previous research has been conducted on lift systems. Otsuki et al. (2002) presented a
synthesis technique tfevibration controllerwhich can de@ase the sway of ropes. However,
the model of elevator ropes examined in the study was not representative-wbnidal
conditions suchas the compensation components was not deliberate. Otsuki et al. (2006)
considered changing the natural frequency oétaeator 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 researchreonly considered a case that the length ofsthiagis constant. Kimura et
al. proposed a theoretical solution to the fdra@ration of the maimopethat one end moves
with time (Kimura et al., 2007) or both ends move with time (Kimura et al., 2008)ever,
the theory assumed that the rope tension and rope velocity were coasthtite damping
coefficient of the rope wasinima. Wang and Xu (2008) proposed an active control algorithm
using the stiffness control method to restrain wiaith-inducedvibration of prototype cables.
However, the authors had not considered the stability of the control matitbd may not be
right effective under another case of environmétcamayczyk et al. (2009) evaluated the
dynamics of a compensation rope in fgationary condition. The authors indicated that the
sway of thestrings 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 contiahe elevator rope. Nevertheless, the stability of the method was not
considered. Bao <hu et al (2012) had inspected the vibration of a bendable string hoisting
system. This study had nfitund the vibration mitigation of the rope yet-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 geéno analyze the dynamics
of elevator cable and indicated the effectiveness of this technique in-ad@diuilding with
theoretical predictions method. Kumaniecka and Niziol (1994) examined the longiudinal
transverse sway of varying lengths of fliomear elevator rope. A neapproactio analyze the
vibration of a hoist line is presented by Lee et al. (2002). However, the model in this research
was not applicablen realworld situations, and the authors did not consttiereduction of
string vibraton. 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 dpfiamic

a hoisting viscous damping cable with thverying length. The theoretical model cha



helpful for the researchers to comprehend its dynamics behavior and develop a method to
restrain the vibration of the rope. In ordestppresshewaveof elevator rope, Benosman and
Fukui (2014) presented a control methodology to change the tesfsiba cable. Benosman
(2015) offered a technique to mitigate the oscillation of hoist line by usinges#ive damper.

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

Through the literatte survey, it can be seen tleven though there are rich of researches
about analyzing the dynamics of the elevator ropes, only a few among them are apiplicable
actual, working lift systems. Other research has considered how to reduce rope vibration wit
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 vibratigrocohtwo ropes
with varying lengths in a highse building. This research presents a means to compute the
dynamic responses of the main rope andctimepensationopesimultaneouslyn the elevator
system and contrsthe vibration of bottstrings with varying length. Thevaveof bothlines
can be reduced by usiag actuatgrwhich is attachedb 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 et study based on GA to
control the simultaneous vibration of the compensation rope and the main rope irrigenigh
elevator system under earthquake excitation. In this dissertation, the control parameters are
optimized by GA method under numeroustkiof earthquakes. Then, the expected parameters
which are used foan elevator system under another earthquake, are provided bytbsing
standard deviation method. A numerical simulation is conducted to analyze the way of the
compensation rope and the maope with timevarying length (upward and downward). The
simulation results verify the effectiveness of the control method to suppress the vibration of

bothstrings.



1.4 Structure of the thesis

In the previous section, some points issue that wildoressed in this thesis were identified
through the introduction to the elevator rope system, literature reai®ivthe objectives of

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

Chapter 2 describes analyzing the giiivn of the compensation rope with tiwarying
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 desdses analyzing the vibration of the main rope and the compensation rope
simultaneouslywith time-varying in a highkrise building under earthquake excitation. The
numerical results show that the control method is effective to reduce the vibration of leoth rop

in some case of earthquakes.

Chapter 4 provides a way to find the optimal control parameters. These parameftensd
by Genetic Algorithm method. Moreover, the expected sabfecontrol parametersre

calculated usinghestandard deviation method.

Chapter 5 describes analyzing the vibration of cghided hoisting system. The numerical
results show that the proposed control method is also effective to redusavbef the

hoisting rope in another elevator system.

Chapter 6 summarizes the wotksat have been presented in the dissertation.



Chapter 2
Analyze and control the vibration of highrise compensation rope

2.1 Dynamic of the compensation rope

The model elevator system is shown in Fig. ZHis modelwas provided byKaczmarczyk
etal. (2009).This system includes an elevator a¢ag main sheave, a compensation rape,
main rope and a compensation rope and a counterwelghbrder o control the transverse
vibration of the compensation ropes, an actuator is placed at the congesseave In
practical, the lateral vibration of the compensation sheawensna comparel 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 shea\u@s equpment requires a control signal force
which is proposed ithe next section. When the equipment receives a control signal force, it
responds by converting the signal ingower That force will have an impact on the rope
tension. In this study, the caart be calculated as a point mass. Therefore, the equation of

motion of the compensation rope can be written as follows:
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where S is the compensation rope mass density, is the acceleration of the car,t is
the velocity of the car, and is the damping coefficient of the compensation rage x, t

is the transverse displacement of the compensatio& abx %°8’|° t . The tension of the

compensation rope & 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 Bescribed as follows:

without the actuator:
T xt %MQ Xg at, (2.2)

C

with the actuator:

T x.t %MQ Xg at U, (2.3)
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Fig. 2.2 Force schematic diagram of the compensation rope

whereM _ is the mass of the compensation sheavelJarisithe control force which is applied

by the actuator. Thechematic tensiogiagram of the compensation rope when the elevator car

is at the highest location without actuator is diésd 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, thisansverse ropresponsean be written as follows:

woxt Woxt ——ft, (2.4)

wherew_ X, t is the vibration of the compensation rope and satisfied the boundary conditions,

and f2 t is the vibration of the car due to environnsddisturbance.

The boundary conditions are acquired as:

w 0t 0
c (2.5)

w I tit 0

The solution of the vibration of the rope X,t is obtained as:

WXt NoeKeX 5t (2.6)

c 7 ) T t g:j !
i1 ®
whereq; t j 1,...,N is the modal coordinate respectip xt , K ix—ls the mode
3 t -

shapeand N is the number of modes. The mode shape can be described as:
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The mode shapes used are normalized, so that:

It
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A new variable is given as:

X (2.10)
L |t

C

This new variable describes the varytltrg‘nainQ,IC t for x to a stable domair(a,l for
L. Hence, the above normalization in the new variable can be written as follows:

. KCZJ [d] 1, (2.11)

0

1

"K [ K d_[ 0 ivj. (2.12)
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0

The solution of the vibration of the ropeé X,t can be rewritten bthenew variable as

follows:
N
W Xt CEKCJ- lch t, (2.13)
i1

Substituting Eq. (2.13) into Eq. (2.4), the partial derivativeshefcompensation rope

dynamic response can be calculated as:

sw_ Xt wWooxt ft

, (2.14)
X X IC t

Sw x,t SW.oxt (2.15)
2 x2
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Substituting Egs. (2.14)(2.23) in Eqg. (2.1) yields:
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Multiplying Eq. (2.24) byK [ and integrating this equationtine stable domain [0, 1]

the equation of motion is as follows:
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The matrix formof the equation of motion can be presented as follows:
Mg, Ca., K, Ua, F, (2.26)

where g, is generalized coordinates of the compensation rope in a matrix fornM aigithe
mass matrix of the compensation rofg,is the damping matrizf the compensation rope and

K, is the stiffness matrix of the compensation topee elements of these matrices are

obtained as:

—

g, %:l Q, - Oy Y (2.27)
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whereU is the control force ande E_) i v

2.2 Design the controller for compensation ropdéased on Lyapunov theory

In this section, a controller is proposed to dampen the vibration of the compensation rope.
Based on the Lyapunov theory, the dtgbof the control method is analyzed.
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In 2014, Benosmaand Fukuiproposed a control method for the main rope in considering
two cases of the elevator system including the elevator systemo lkexternal disturbance with
aconstant lengttand the elevator systemdexternal disturbance and constant leniyt2015,
Benosman provided a control method for sewetive to reduce the vibration of the main rope.
The techniquehad also analyzed the stability in two cases of the elevator systeim fais
previous research (2014). These research did not consider the stability of the control method in
cases the varyingength of rope. In this section, a new control method is proposed and is
analyzed in 4 cases of elevator system including elevgsbera ha no external disturbance
and constant length, elevator systens égternal disturbance and constant lengtleyator
system ha no external disturbance and varyilemgth, elevator system Isaexternal
disturbance and varyirlgngth. Moreoverthecontrol 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:

U .signg' g, la| R (2.33)

where . Ei B. B B.,i L1..N arepositve.

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:

Vc %qz t Kc c B th %qTC t M g ct ! (234)

- - . o T - - .
where Ris satisfied a conditiong, t K_ .Rqg_t ispositive.

According to Eqg. (2.28)M_ is a positive definitematrix leading to the expression
qI t Mg t is positive. Therefore, Eq. (2.34) is positive definite. The first differential of

the functionV_ can be computed as:

V. q K Ra.t d,t K. Yat Cgt ) (2.35)
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V. qt Rgt dqit Ygt dt Kgt

q t Kg,.t gt Cg.t . (2.36)
Substituting Eq. (2.33) in Eq. (2.36@he equation becomes:
\Y gLt t sign q t
ot gtsond, g, | .37
qc t chc t qc t c@qct dct c cact !
V. Llal to gt ‘qct ‘ gt Cga.t . (2.38)

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

Lyapunovfunction. Moreover, when the acceleration and velocity of the car approach to O, it
is proven that the vecta, also reaches 0 by using Barbaldtssmma in Eq. (2.26). Hence,
the system is stable at the equilibrium point (0, 0). Thereldregrem 1is proven.

Assumption 2:1The input from environmenf, t induces the vibration of the ropes.
Therefore, the value of the funal]i(FC t is within a certain range, ariis IC: 0 satisfed:
‘FC t ‘ b E

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

controller Eq. (2.33), due to environmengakitation and staticar, the system will be stable

at the equilibrium point0,0 ifthereis .. 0 and it satisfies:

Fb

c ‘c

At gt (2.39)
Proof. A positive function is defined as:

Vc %qz t Kc c B th %qTC t M g ct ! (240)

- - . o T - - .
where Ris satisfied a conditiong, t K_ .Rqg_t ispositive.

The first differential of the functiol can be computed as:

V. gt Koo Ra.t _ (2.41)
gt K U.gt Ft Cgt

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

Vc cq-(l; t cqct Sign ch cqc qct ‘ (242)
g tCat dqtFt
T T

g. t Kg.t g, t Kg_.t
q::-t chct q-l::t ccact )

Using Assumption 2.,1the derivative of th¥/_ function is as follows:

Vc b cq-lt; t cqct Sign ch cqc qct ‘ (243)
Qg tCagt ot Ft,
Vb [l t] |t at| E dt cat. (2.44)

The derivative functioV, can be ensured to be negative definite with Eq. (2.44) so that
Eq. (2.40) is a Lyapunofunction. Moreover, when the acceleration and velocity of the car
approach to 0, it is proven that the veotpralso reaches 0 by using Barbalat’'s Lemma in Eq.

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

proven.
Assumption 22When the length of the compensation rope is varyjing\ | \ it
satisfies: | t %J>¢mm,l U %Oe’lcmax vt %J>‘i‘;mm,lmax , t %\ , where

[ are constants.

cmin’ ‘cmax’ "cmax’  cmin” cmax

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

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

at the equilibrium poin©0,0 ,orq_ | O whent | d

Proof: A positive function is defined as:

Vc %qz t Kc c B th %qTC t ™M g ct ! (245)

- - . o T - - .
where Ris satisfied a conditiong, t K_ .Rqg_t ispositve.
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Proof: The positive definite functio¥_ is made definite as Eq. (2.47). The first differential

of the functionV_ can be computed as:

Ve dt Kot ot Rt
gt . Cq.t K, t U gt
. ¢ (2.46)
.

—q t t R K t t .
zqc c c cqc

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

VC q:; t C t &Ct qTC t Ct cact dCt C th

cql t cqct Sign q-l; cqc dct ‘

St LR Ktgt, (2.47)
V., .qg t gt signd g |q.t ‘ (2.48)
%qzt LR K tgt gitCgt.
Using Assumption 2.8ives the condition:
c:\ I\  and satisfies% K, t .t Rbcl - (2.49)
Based on Eq. (2.48) and HG.49):
V.b . gl t gt Hqct ‘ gt Cat cot . (2.50)
Casel: . [l t gt Hqc t ‘ gt Cqgct cdtb O0.Inthiscase, the negative

of the derivative of thésa/C function is obtained. As witftheorem 1, it is also evidenced that

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

Case2: . [g. t gt Hqct ‘ g .t Cg.t codo.t 0. The following can be

written:
V_ begl t . (2.51)

Thus, it can be concluded th@t is bounded, and:
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L (2.52)
d V.,q 0,0 V_q.t .,p "qgcqdt.

0

Based on Barbalat’s Lemma, it is concluded ﬂmgl g Ot 0. Therefore,

Theorem 3is proven.

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

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

stable at the equilibrium poir,0 ,orq_ | Owhent | d if ._is positive and satisfied
Eq. (2.39).

Proof: A positive function is defined as:

Vc %ql t Kc c B qct %ch t M g ct ! (253)

- - . o T - - .
where Ris satisfied a conditiong, t K_ .Rqg_t ispositive.

The first differential of the functiok/, can be computed as:

V. gt g Kt tUat Ft Cat
%qzt LU R OK Tt gt (2.54)

qQt .t R Ktaqg.t.

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

Vc ‘c q-:; t cqct ‘ qct ‘ cht Fct (255)

g t Cg,t %cht 4 ROKt gt
Based orAssumption 2. AndAssumption 2.2Eq. (2.55) becomes:

V. b

qt|F

dt gt| dtcat cdt. (2.56)

‘c

Case 1

qt| E o

at gt ‘ d.t Cgt cdq_tb O.Inthiscase, the

negative of the derivative of tr\éC function is obtained. As witfiheorem 1, it can be

concluded the system is stable at the equilibrium g6ing) .
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Case 2:

at|E .

at gt ‘ d.t Cat cq.t 0. Inthiscase, if._

is positive to satisfy Eq. (2.39), the following can be written:
V_ begl t . (2.57)

Thus,VC is bounded and:

t

d V,q,0,0 V_qtip “dcadt. (2.58)

0

Based on Barbalatlsemma, it is concluded thdim , gt 0. Therefore,Theorem

4is proven.

Note that from the equation of tension of two ropes, the change of the katasults in
the change of the valud . 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:

0 if U b0
U

2.59
k.csign a, . |a, fu o0 (2.39)

2.3 Numerical results

This section presents the results of a numerical simulation conduithettie properties of
the compensation rope listed in Table 2.1. The maximum length of the compensation rope is

L 240m with a density per unit length of 2.11 kgtrand a damping coefficient of 0.0315

N.sec.m'. The minimum distance from the car to both sheavds isl5m andl, 15m,
respectively. The mass of the compensation shea¥é.is 3500 kg. For cases moving of

elevator car, the acceleration of tlge is1.2 m.s? and the speed of the ropeSisn.s*. The
relationship between the fundamental resonance frequencies of the compensation ropes and the
length of the ropés shown in Fig. 2.3. A MATLAB implementation of an explicit Newmark

— C formula was used to integrate the motion equation of the remesthe 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 anmedes.Ilt was deemed to be more

suitable for comparison with realorld elevator systems.
The disturbance is assumed as the sin wave and is described as follows:
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ft Asin2@ P (2.60)

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

B2 B . R @1 (2.61)

Table 2.1. Elevatomope propergs for the numerical simulation

Parameter Symbol Value

The maximum length of the rope L 240 m
Mass per length S 2.11 kg.m
Velocity of the car v 8 m.st
Acceleration of the car a 1.2 m.g
Damping coefficient C. 0.0315 N.sec.m
Mass of compensation sheave M, 3500 kg
Number of transverseodes N 5

Table 2.2. The values of A arfd

A f
Case 1 0.1 [m] 0.2
Case2 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
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Input Parameters
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Choose the size of one step and the analysis time T

'

,| Calculate the location of the car

,

Calculate the control force U

.

Yes Create the matrix M, C., K, and F. of compensation

'

Using Newmark- f to solve the equation of motion of ropes

Fig. 2.4 Flowchart for the MATLAB program
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Case 1:f, t 0.1.sin 2Q0.2 m

For the case when the rope is moving upwarddiggacement responses of compensation
rope isdenotedin 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 displacemehthe 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.o verify the effectiveness of the proposed control method, the vibration
of compenston 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 maxinmu 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 No 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. B0mBkimum 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 caseFig. 2.11 shows that the maximum displacement ofdpe without tle controller
was 0.81 m. Te 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.o verify the effectiveness dii¢ 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 constéorce 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
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Fig. 2.7 Displacement response of the compensation rope
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Control force[N]

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

Fig. 2.9 Output of thactuator
(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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Control force[N]

Fig. 2.11 Displacement response of the compensation rope
(When the elevator car is at the highesatam)

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:f, t 0.5.sin 2Q0.2 m

For the casahen the rope is moving upward, the displacement responses of compensation
rope isdenotedn 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 redueion of th
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 No verify the effectiveness of the proposedtooimmethod, 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 shiowfig. 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 obitingensation 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 No verify the effectiveass 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 tl®nstant 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 caseFig. 2.20 shows that the mexum displacement of thepe without the controller
was 4.10m. 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 aboutl2099 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 vilirtdon o
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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Control force[N]

Fig. 2.14 Displacement response of the compensation rope
(When the elevator system mowgsvard)

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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Control force [N]

Fig

. 2.17 Displacement response of the compensation rope
(When the elevar system moves downward)

Fig

Fig. 2.18 Output of the actuator
(When the elevator system moves downward)

. 2.19 Displacement response of the compensation rope
(When the elevator system moves downward)
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Control force[N]

Fig. 2.20 Displacement response of tlhenpensation 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 highesiaktion)
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Case 3 f, t 0.1.sin 2Q0.5 m

For the case when the rope is moving upward, the displacement responses of compensation
rope isdenotedn 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 No verify the effectiveness of the proposed control method, the
vibration of compensation rope is analyzed with a constant value ofttreg@r. 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 fisrées3 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 controllerlwas 0.

m. Figure 2.27 presented the value of the control force in this case. The average value of the
control force is about 5572 No verify the effectiveness of the proposed control method, the
vibration of compensation rope is analyzed with a constané\adlthe 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 ¢ansforce is 0.4In.

The length of the compensation rope maximizes when the car is at the highest location. For
this caseFig. 2.29 shows that the maximum displacement ofdpe without the controller
was 0.24 m. Te displacement of this rope by usithg controller was maximum atl@ m.
Figure 2.30 presents the value of the control force in this case. The average value of the control
force is about 10753 NTo verify the effectiveness of the proposed control method, the
vibration of compensation ropg 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 thecompensation rope when using constant force is 0.19 m.
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Control force[N]

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 Displacememesponse of the compensation rope
(When the elevator system moves upward)
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Control force [N]

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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Control force[N]

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

Fig. 2.30 Output of the actuator
(When theelevator 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 atgghelevator systemvith
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 vibratithe ofain 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 withreedisturbance 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 calate the vibration of thetrings. Therefore, icanuse 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 compgensation rope and main

rope simultaneouslyin a high-rise building

3.1 Dynamic of the highrise building

A high-rise elevator structure in a building is shown in Fig. BHis building structure has
n floors. Each floor consists of a mas® {, a stiffness coefficientk ) and a damping
coefficient €, ) where  1,2,...n . The elevator system is assumed to be connected with the

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

response, velocity response, agplacement responsare utilized as the external disturbance

to the elevator system.

Fig. 3.1Model of a highrise elevator structure in a building.
The equation of motion of the building is:
Mx, Cx, Kx, M b\1'xgt , (3.1)

.
where x, ém t X, t ..ox, t o \1/ % 1..1,M, Cb and K, are the mass matrix,

damping matrix, and stiffness matrix of the building, respectively.c, k, i 1,..,n are
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the mass, damping, and stiffness Bf floor, respectively, and(i, X, x are the acceleration,

velocity and displacement responsei8f level, respectively, and<g is the acceleration of

earthquake excitation.
3.2 Dynamic of the main rope

The model of the elevator system is shown in Fig.Th2. elevator model includélse main
rope,themain sheave, a compensation rope, a compensation sheavena eacounterweight.
The main sheave is located the highest floor. The compensation sheave is installed at the
bottom of the elevator system. This model mimics the typical configuratiacteél elevator
systemsTo 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 roperstant. The lateral vibration of the compensation

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

sw_ x,t , sSw_ xt Swooxt

Sm gz m xz mt m 9( s
v Xt W Xt o Xt

Sat m c il cvt——

m X m g m g

. W xt (3.2)
T xt — " o

X X

where $ is the main rope mass densityt is the acceleration of the car,t is the velocity
of the carc_ is the damping coefficient of the main rope, x,t is transverse displacement

of the main rope at %OQ,L It . The tension of the main ropeTsm x,t .This tensions

described as follows
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Fig. 3.2 Model of ropes

without the actuator:

1 a3 (3.3)
T Xt ZMQ r@c SL I .t x g+at,

with the actuator:

1 p—
= t U (3.4)
T, xt ZMQ r@c SL It x g a ,

where M is the mass of the compensation sheamejs the mass of the caandU is the

control force which is applied by the actuafbneschematic tensiodiagram of the main rope

when the elevator is at the lowest location is described in Fig. 3.3.
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X

Fig. 3.3 Force schematic diagram of the main rope

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

transverse ropresponse can be written as follows:

w_ Xt wooxt ft

m

L It x X (3.5)

wherew  x,t is the vibration of the main rope and satisfied the boundary conditiipns,

is the vibration of the top floor of the building due to environmakdaisturbance and, t
the vibration of the car due to environmamtisturbance.

The boundary conditions are acquired as:

N S x -
wooxt OB g,
i1 I t =®
e X _
whereq t j 1..,N is the modal coordinate respectvig x,t , K. tis

) | t

C

is

(3.6)

(3.7)

the

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

\/Esm J§$I—

Cc

ED
|
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The mode shapes used are normalized, so that:

LIt

K xtdx 1, (3.9)

K, xt K xtdx 0 ivj. (3.10)

mj
0

A new variable is given as:

L X (3.11)

This new variable describes the varying dom@'ln |_t forx to astable domaire,l
for [ﬂ . Hence, the above normalization in the new variable can be written as follows:

1

e ord L (3.12)

mj
K, b K Ld.[ 0 ivij. (3.13)

The solution of the vibration of the rope x,t can be rewritten bthenew variable as

follows:
N
w_oxt CEKmJ- qum. t, (3.14)
i1
Substituting Eq. (3.14) into Eqg. (3.5), the partial derivatives of the main rope dynamic

response cabe calculated as:

SV Xt wooxt fl t fzt (3.15)

X X L It L |t

sw_ xt SWoxt

(3.16)
2 sz
swoxt  Swoxt o ft f,t Lt Ltft  gay
x g g 5 L It L It L|t2L|t2
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i n f t fot —T° ft
S $ 1 [ml L Ict 1
[
fot f.t,
[m2 L Ict 2
swoxt S xt [ tft
2 2 flt [mflt 2———
& $ LIt
|t f t |2t f_t tft
[mc 1 ZI;nc 1 - [mfzt 2 unc 2
Lot LIt LIt
[t f t 2|;n|jtf2t
L It Lot
S/T/m X, 1 N
oK. t,
9( Lot 1 " b %y
SZVTIm X, 1 1 N
. t,
9(2 |_ | ¢ 2jiﬂ<m] qumJ
SZV_Vm X, t 1 N
oK t
x & Lot ;1" h G
e
N |t [] t
2 mj f['l mj m[
It It L It
W Xt [t N :
. t t,
S L Ict J%] r[anj ]% m q‘n]
sw, xt v 2Lt o [
oK ot t
SZ i1 mj r[‘lqmj L Ict jlcm m qn]
N j2[12t « []t [ 2t
. | 2 mj L I t mj m 2
j1 h:L | t c L I t
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(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)



Substituting Egs. (3.15B.24) i

n Eqg. (3.2) yields:

N 2[ ).t N [
) ot _ ot
s KO bt T 0 Ll
N |2[m|02t I;T\Imt [jCZt Z
(E 2ij rL mj m[ 2 mJK m[qr?t
i1 | L It 3
ll&l_ |t c L |t o
c c i
| tf t | tf t
flt [mflt 2["10 1 ['nc 1
It L oIt
12t f t | tf.t
2[110 1 [mft 2[mc 2
2 2 L |t
L It c
[l tft (12t f,t ! gt N
LIt 2 P Z(Eij qumJt
c L oIt L |t it
4
e
ﬁ i " N It [J. t
vt $n mrﬁ m[qmj t 2 m m[ mJKm E 2
#_ |Ct i1 i1 |Ct L |C
?
ft ft It ft I tft L
Lot Lot ¢ gt ”
c c L4
Sat Sat ft f,t
oK t
Loty ™ b G L oIt
Mg . 1 N
= m SL It x g at U > ek m[qmjt
b2 Bolt e
S g at e ~ S lg at
v ot ft ft = v q
L |C t %(19%1 rL qm] 1 2 =® L |C t j(lﬂgm TL mj
i [m|ct N N
Co | —— 0K, La, t oX .lgt
&L |Ct i1 i1
[l Lt o
f t [f, t ft [f,t —F t o
L It L It +
tl l N ¢ ‘flt ft ?OO
cCV T (EK . -° 0.
oo b £oltoL oIt R
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Multiplying Eq. (3.25) byK. [ and integrating this equationtinestable domain [0, 1] the

equation of motion is as follows:

N 1 N o1
% w‘m} t n|§ m[ mjK m[dm[ @ t %1 . mi Km [mj Km d:m [
i1 0 i1 _(]; 0
as YUy I K [ K. M {
mL It o mj m mi m m?_'-
N . at 1
wmj t I% 1 rr[ mj m[ miK m [dm[
i1 h:L It 0
Sg at ? g cvt 1 [ [ ’
o 1 K K
L Ict o mj TLI mi m[ m[ L It o m mj m mi m Lﬂ
V2t 1 )
$n 2 1 n[ n% m[ mi m[dm[
L I t 0
Slg at !
mj rL mi m[dm[
L Ict o
EJ _ |2 1 1 (3.26)
_MS .C SmL It g at N mj m[ mi m[dm
¥ W + il/ﬁ_ It P
Sg at !
K d
L It oanj n[ mi m[ m[
2svit ! X
2 1 Ln mj rL mi m[d[mz
L I t 0 g
ft ftvt ft f.t 27t
ﬁmi?l 2 1 2 - fzt flt
L It L | t L |t
ft ftatoeocvt ft ft o [ |
° c t t LK
L It ;_ L Ict m 2 1 })ol-m i rl n[
* 4_
if ot ft vt ft fot 2
ﬁ%flt cft 2§t 12 — = —
L1t L Lt
L b 2+
$ng 2a t flt f2t 2m$t f2t flt fzt f ot
cvt
L Ict L Ict L It
25vit f,t ft |1
b L
c {/‘?
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The matrix form of the equation of motion can be presented as follows:

Ivlmqm Cmqm Km mU qm I:m’ (327)

where g is generalized coordinates of the compensation rope in a matrix forniV and

the mass matrix of the main rop€, is the damping matrirf the main rope ani  is the
stiffness matrix of the main rope. The elements of these matrices are obtained as:

—

a., %ﬂl Gz - O %4 (3.28)
M i = (3.29)
vt !
Cm" 2§— "1 n[ mK m[ miK m p m [ Cm ! (330)
” Lot J
K g 2! 1 1 [ b
mij m L I t . rT[ mj m mi m m
S g at ?
d
L IC t . mj rL mi m[ m[
cvt ! L K (d [
L I t . Ln mj n[ mi m m
Vet 3 2
$ﬂ 1 n[ mj m[ mi m [d m [
L oIt 0 (3.31)
Slg at t g
L Ict . mj r[1 mi m[ m[
b eclr
_MS c Sm L I t g a t I»— Km rL n}ﬁ m[ d m[
¥ ¢ * o1t o
Sg at * g
L IC t . Ln mj n[ mi m[ m[
Svit !
2 1 Ln mj rl; mi m[d m[
L oIt 0
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gft ftvt ft ft 2°%
Fcij E%; L |t . |t2 fzt flt
h C
ft f,tatocvt ft ft [
e ° T c Lt ft [ K [d] (3.32)
c 3_ c !/0
* 4
if,t f,tvt ft ft?°
ESft c.ft 28t = 2 .
m1 m'1 m | 2 L |t °
L h L It C +o
Sg 2at ft ft 2%t ft ft tfzt ft
L It L |t e L |t
25Vt f,t ft [t
bk fd
c Il/f
1 1
mij 2 h mj rl; n|§ m[ d m[ (333)
L It 0
A ifi |

whereU is the control force ande &) i v

From Eq. (2.26) and Eq. (3.27), the equation of motiomvofropes is as follows:

Mg Cqg K Ugq F, (3.34)
where
a g % F Fif o (3.35)
M O , C. 0 o K .0 B 0 (3.36)
M L°© s ‘i Ko © i N
@ M oy 0|¢ Co °. 0 | Ko 0, I ¢

3.3 Design the controller for the two ropesased 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 excitatiand the top floor vibration 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:
U .signqg’ q ‘q‘ R (3.37)

where . @1 .. B B.. B B, B arepositve.

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

equilibrium point 0,0 .
Proof: A function is defined as:

1 1
V =gq't K Rgt =qg't Mgt |,
2q q 2q q

(3.38)

where Fis satisfied a conditiong” t K Rg t is positive.

According to Eqg. (3.36)M is a positive definitematrix leading to the expression

q" t Mgt is positive. Therefore, Eq. (3.38) is positive definite. The first differential of the

functionV can be computed as:
V. d"K Ryt gt K Ugqt Cqt . (3.39)

V gt Rt gt Uqt dt Kot dt Kgt dt Cq . (3.40)

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

V gt qt siganq‘qt‘ dt Cat
gt Rt gt &, (3.41)

Y qgtt gt Hqt‘ gt Cqt . (3.42)

It is certain that Eq. (3.42) is tléefinite negatie function. Therefore, Eq. (3.38) is a
Lyapunov function. Moreover, when the acceleration and velocity of the car approach to O, it

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

Theorem 1 is proven.
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Assumption 3.1The top floor of the building respondet induces the vibration of the
ropes.f, t isthe timevarying 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:

. i
Qd L It = 3.43

it ft sin 5t : (3:43)
é 2H

where H isthe height of the building.

Therefore, the value of the functidnt is within a certain range, aitds F 0 satisfed:
‘F t ‘ b E

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

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

at the equilibrium point0,0 ifthereis. 0 and it satisfies:

(3.44)

Fb .|g" t qt‘.

Proof. The positive definite functiod is made definite as Eq. (99). The first differential

of the functiornV can be computed as:
V. dg't K Rqt q't ;K Ugt Ft Cqt . (3.45)
Substituting Eq. (3.37) in EqQ. (3.45j)elds the following:

V. 't qtsignd qlgt| dt cqt dt R (3.46)
g tKgt g tKgt gt Bt dgt @R

UsingAssumption 3,1the derivative of th¥ function is as follows:
Vb gt qtsiganq‘qt‘ gt Cqt dt R , (3.47)

(3.48)

V b qt qt‘ F gt Cqt

th‘.
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The derivative functiolv 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 systerwith the governing equation as Eq. (3.34) and the
controller Eg. (3.37), with no environmental excitation and mobile car, the system will be stable

at the equilibrium poin0,0 ,orq | O whent | d

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

of the functiorV can be computed as:

. Cqt Kt tu qt o (3.49)

T T
V gt Kt thtqt¢ "

1
- t t R Kt t .
5 q q

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

\Y gt t Rt gt t & gt Cq

gt gt signqgq q th‘ %dt t R Kt qt . (3.51)

V. gt gt signd q‘qt‘
%th t R Kt gt q't Cqt . (3.51)

UsingAssumption 2.8ives the condition:

c:\ I\ ,and satisfies% Kt t Rbcl . (352)
Based on Eq. (3.52) and Eq. (3.51):
V b .jg't thqt‘ gt Cqt cdt . (3.53)
Casel: "t qt Hqt ‘ gt Cqt cdtb O0.Inthiscase,the negative of the

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

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

Case 2: .

qg't gt Hqt ‘ gt Cqt cdt 0.The following can be written:
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V bcg®t . (3.54)
Thus, it can be concluded that is bounded, and:

L (3.55)
d vgo0,0 V gt ,p gcaglt.

0

Based on Barbalat's Lemma, it is concluded timt .~ gt  O.

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 poin0,0 ,org | Owhent | d if .is positive and satisfied Eq. (3.44).

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

of the functiorV can be computed as:

V. og't g Kt tuaqgt Ft Cat .

%th t R Kt gt gt t RKt gt . (3.56)
Substituting Eq. (3.37) into Eq. (3.56) gives:

v gt thqt‘ gt Ft dt Cq

%th t R Kt gt . (3.57)

Based orAssumption 2.2andAssumption 3,1Eq. (3.57) becomes:

V b

th‘F gt qt‘ gt Cqt cgt . (3.58)

Case 1

Jth‘ F .|gt qt‘ qt Cqt cdtb O0.Inthis case, the negative

of the derivative of th& function is obtained. As with Theoreln it can be concluded the

system is stable at the equilibrium pdi@t 0).

Case 2:

th‘F Jdg"t qt‘ gt Cqgt cdt 0. In this case, if. is

positive to satisfy Eq. (3.44), the following can be written:
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V bcg®t . (3.59)

Thus,V is bounded and:

d V. g0,0 V gt tp gt qit . (3.60)

0

Based on Barbalat’'s Lemma, it is concluded tmat, . gt 0.

Note that from the equation of tension of two ropes, the change of the Faksults in

the change of the valud . In order to save system energy, the control force will tuzeto

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

0 if U b0
U

k.sign q" q ‘q‘ ifu o0 (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 theshighilding.
The height othebuilding is 240 m with 60 floors, i.e., eachdlois 4 m in height. The mass
of each floor is2.0 q 10 kg, and the damping ratios of 1 % were assumed. The connection of
the elevator system with the buildingoisthe highest floor. The total length of ropé.is 240
m with a density per unit length of 2.11 kg'rand a damping coefficient of 0.0315 N.seé.m

The minimum distance from the car to both sheavés isSl5m andl, 15m, respectively.
The mass of the compensation sheave and the caMare 3500 kgandm, 1000Ckg,

respectively. For cases where the elevator car is moving upward or downward, the acceleration
of the rope is 1.2 mi%s and thespeed of the rope is 8 rit.sThe relationship between the
fundamental resonance frequencies of the ropes atehiid of the ropés 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 ropesand 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

modeslt was deemed to be more suitable for comparison withwedd elevator sysims.
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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 ukedrgmit of vibration

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

responseand the acceleration response of the top fldpt (, f, t , f t , repectively).

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),.SKBjulave (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:

B
cl c2 §\l (3,62)
Bml Bm2 ." %N (3 63)

Table 3.1 Elevator rope propesifor the numerical simulation

Parameter Symbol Value

The maximum length of rope L 240 m
Mass per length ST 2.11 kg.m'
Velocity of the car Vv 8 m.st
Acceleration of the car a 1.2 m.g
Damping coefficient Chr G 0.0315 N.sec.rh
Mass of compensation sheave M, 3500 kg
Mass of car m, 1000 kg
Number of transverseodes N 5
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Table 3.2. Higkrise building paramets for the numerical simulation

Parameter Symbol Value
Story height h 40m
Number of stories N 60
Fundamental natural

period T 58s
Damping factor 0.01
Mass of each story m 2.0x10° kg

Table 3.3. Parameters thfe controller

Upward Downward The lowest location| The highest location
‘mi *ci ‘mi *ci ‘mi *ci *mi *Ci
7.040  3.0x10 | 7.0<40° 3.0x10° | 4.0<0 0 0 4.0x10*

200

150 -

100 -

501

—the first mode
the second mode
the third mode

—the fourth mode

—the fifth mode

Frequency [Hz]

(a) Compensation rope

200

150

100

50

—the first mode
the second mode
the third mode

—the fourth mode

—the fifth mode

Frequency [Hz]

(b) Main rope

Fig. 3.4 Variation of the five modes natural frequency of sope
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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 unde¢he Kumamoto earthquake. The maximum valdethee
acceleration of the top floor is 4.09 Ri/Bigure 3.8 shows the velocity of the top floor of the
building undeithe Kumamoto earthquake. The maximum value of the acceleration of the top
floor is 1.24 m/s. Figure 3.9 shows the displacement of thédopof the building undethe

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

earthquake acceleration [m/sz]
4

Fig. 3.6 Kumamoto earthquake acceleration data (NS wave)

acceleration [m/sz]

Fig. 3.7 Acceleration of the building’s top story
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Velocity [nV9]

Fig. 3.8 Velocity ofthe building’s top story

Displacement [m]

Fig. 3.9 Displacement of the building’s top story
The vibration of the elevator ropssanalyzedn a randorty selected period of 37
seconds (fronthesecond 12th tthe second 49th).

For the case when the rope is moving upwtre displacement responsegh@main rope
aredenotedin Fig. 3.10 and the displacement of the compensation amp@éenoted in Fig.
3.11. The maximum amplitude of the main rope without the actuator is 1.76 m. When the
actuator is installed and usec throposed 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 Q.&ddnit 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 displaesinresponse of two ropes when the car is

downward. When the actuator is not used, the maximum amplitude of the main ropems 2.71
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and the maximum amplitude of the compensation rope was.3he maximum amplitudes
of the main rope and the compensatiope 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 caseFig. 3.16 shows that ¢hmaximum displacement of thepe without the controller is
0.79 m. he 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 i®stopped
the bwest floor, the main rope is at its longest. For this ddge3.18 (a) shows the peak value
of displacement of thisope without the controlles 0.77 mand is 0.41 m with the controller.

Figure 3.19 presents the value of the control force in thes cas

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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Control force [N]

i

Fig. 3.12 Output of the actuator
(When the elevator systemoves 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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Control force [N]

Control force [N]

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

Fig. 3.16 Displacement response of the compensation rope
(When the elevator is at the highest location)

s

Fig. 3.17 Output of the actuator
(When the elevator is at the highest location)
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Control force [N]

Fig. 3.18 Displacement responsetled 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 unter Sendaiearthquake 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 undehe Sendaiearthquake. The maximuwalue of the
acceleration of the top floor is 10.59 Ri/Bigure 3.22 shows the velocity of the top floor of

the building undethe Sendaiearthquake. The maximum value of the acceleration of the top
floor is 2.19 m/s. Figure 3.23 shows the displacemetiteofop floor of the building undéne

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

earthquake acceleration [m/sz]

Fig. 3.20Sendakarthquake acceleration data (NS wave)

acceleration [m/sz]

Fig. 3.21 Acceleration of the building’s top story

58



Velocity [nV9)]

Fig. 3.22 Velociy of the building’s top story

Displacement [m]

Fig. 3.23 Displacement of the building’s top story
The vibration of the elevator ropssanalyzedn a randorty selected period of 37

seconds (fronthesecond 20th tthe second 57th).

For the case when the rope is mouipgvard, the displacement responsethefnain rope
aredenotedin Fig. 3.24 and the displacement of the compensation amp@enoted 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 mainbygpesing the actuator is 0.15
m. The maximum amplitude of the compensation rope without actuator is Q.&8dnit is
reduced by using actuator with the proposed control method. The maximum amplitude of the
compensation rope by using the actuator is h4Rigure 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 ropems 0.88
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and the maximumamplitude 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 theompensation rope maximizes when the car is at the highest location. For
this caseFig. 3.30 shows that the maximum displacement ofdgpe without the controller is
1.04 m. he displacement of this rope by using the controller is maximum at 0.34 ume Fig
3.31 presents the value of the control force in this case. In the case where the car i®stopped
the lowest floor, the main rope is at its longest. For this €age3.32 (a) shows the peak value
of displacement of thisope without the controlles 0.53mand 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 compenseatijos
(When the elevator system moves upward)
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Control force [N]

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 thenpensation rope
(When the elevator system moves downward)
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Control force [N]

Control force [N]

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 Owput of the actuator
(When the elevator is at the highest location)
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Control force [N]

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 lowéstation)
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Case 3:Shinjuku NS wave (2007, Nigita Prefecture Chuetsu Oki Earthquake)

The building is analyzed in 140 seconds under Shinjekuthquake 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 undehe Shinjuku earthquake. The maximum value of the
acceleration of the top floor is 0.45 R/Bigure 3.36 shows the velocity of the top floor of the
building underthe 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 buildinghmder
Shinjukuearthquée. The maximum value of the acceleration of the top floor is 0.29 m.
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Fig. 3.34Shinjukuearthquake acceleration data (NS wave)
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Fig. 3.35 Acceleration of the building’s top story
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Fig. 3.37 Displacememdf the building’s top story
The vibration of the elevator ropssanalyzedn a randorty selected period of 37

seconds (fronthesecond 30th tthe second 67th).

For the case when the rope is moving upward, the displacement respahsesaoh rope
aredenotedin Fig. 3.38 and the displacement of the compensation amp@enoted 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 displacespenseeof 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.@3dni is
reduced by using actuator with the proposed control methodm@kenum 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 istrused, the maximum amplitude of the main rope is .21
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and the maximum amplitude of the compensation rope was B0Pfe maximum amplitudes
of the main rope and the compensation rope with the controller were 0.18 m and 0.025 m,

respectively. Figure.83 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 caseFig. 3.44 shows that the maximum displacement ofdpe without the controller is
0.11 m. hedisplacement 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 i®stopped
the lowest floor, the main rope is at its longest. For this €&ge3.46 &) shows the peak value
of displacement of thipe without the controlles 0.052 mand 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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Control force [N]

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)
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Control force [N]

Control force [N]

Fig. 3.43 Output of the actuator
(When the elevator system moves downward)

Fig. 3.44 Displacement responsetltd 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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Control force[N]

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 Tokameahihquake 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 undéine Tokamachiearthquake. The maximum value of the
acceleration of the top floor is 16.06 R/Bigure 3.50 shows the velocity of the top floor of

the building undethe Tokamachiearthquake. 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 Tokamachiearbhquake. The maximum value of the acceleration of the top floor is 0.59 m.

earthquake acceleration [m/sz]
1

Fig. 3.48Tokamachiearthquake acceleration data (NS wave)

acceleration [m/sz]

Fig. 3.49 Acceleration of the building’s top story
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Velocity [nV9]

Fig. 3.50 Velocity of the building’s top story

a

Displacement [m]

Fig. 3.51Displacement of the building’s top story
The vibration of the elevator ropssanalyzedn a randorty selected period of 37

seconds (fronthesecond 10th tthe second 47th).

For the case when the rope is moving upward, the displacement respahsesaoh rope
is denotedn Fig. 3.52 and the displacement of the compensationai@gaenoted 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 despknt 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,.&8dnt is reduced by
using actuator with the proposed controtimoel. 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 actor is not used, the maximum amplitude of the main rope ig1,.75
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and the maximum amplitude of the compensation rope was.The maximum amplitudes
of the main rope and the compensation rope with the controller were 1.04 m and 0.09 m,

respectively. jure 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 caseFig. 3.58 shows that the maximum displacement ofdpe without the controller is
1.58m. 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 i®stopped
the lowest floor, the main rope is at its longest. For this €ag€3.60 (a) shows the peak value
of displacement of thisope without the controlles 0.47 mand 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 evator system moves upward)

Fig. 3.53 Displacement response of the compensation rope
(When the elevator system moves upward)
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Control force [N]

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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Control force [N]

Control force [N]

Fig

Fig. 3.57 Output of the actuator

(When the elevator system moves downward)

. 3.58 Displacement responsetlté 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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Control force [N]

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

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 Tomakaradghquake 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 undéne Tomakomaiearthquake. The maximum value of the
acceleration of the top floor is 1.81 f/Bigure 3.64 shows the velocity of the top floor of the
building underthe Tomakomakearthquake. 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 buildingtieder
Tomakomaiearthgquake. The maximum value of the acceleration of the top floor is 1.01 m.

earthquake acceleration [m/sz]

Fig. 3.62Tomakomaiearthquake acceleration data (NS wave)

acceleration [m/sz]

Fig. 3.63Acceleration of the building’s top story
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Velocity [nV9]
——

Fig. 3.64 Velocity of the building’s top story

Displacement [m]

Fig. 3.65 Displacenmd of the building’s top story
The vibration of the elevator ropssanalyzedn a randonty selected period of 37

seconds (fronthe second 50th tthe second 87th).

For the case when the rope is moving upward, the displacement respahsesaoh rope
aredenotedin Fig. 3.66 and the displacement of the compensation amp@enoted 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 mainbygpesing the actuator is 1.22
m. The maximum amplitude of the compensation rope without actuator is Q.&ddnit is
reduced by using actuator with the proposed control method. The maximum amplitude of the
compensation rope by using the actuator is h3Rigure 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 ropems 2.52
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and the maximumnamplitude of the compensation rope was Grb4'he 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 theompensation rope maximizes when the car is at the highest location. For
this caseFig. 3.72 shows that the maximum displacement ofdpe without the controller is
1.16 m. he displacement of this rope by using the controller is maximum at 0.51 ume Fig
3.73 presents the value of the control force in this case. In the case where the car i®stopped
the lowest floor, the main rope is at its longest. For this €age3.74 (a) shows the peak value
of displacement of thisope without the controlles 1.53 mand 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 compensatijoa
(When the elevator system moves upward)
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Control force [N]

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 thenpensation rope
(When the elevator system moves downward)
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Control force [N]

Control force [N]

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. 3.730utput of the actuator

(When the elevator is at the highest location)
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Control force [N]

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 lowestdbion)
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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 With Without With Without With Without With Without With
actuator | actuator | actuator| actuator| actuator | actuator | actuator | actuator | actuator| 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 271 177 1088|081 021 | 0.18 | 1.75| 1.04| 252 | 2.07

Reduction 34.69% 7.95% 14.29% 40.57% 17.86%

At the lowest | 0.77 | 0.41 | 0.53| 0.31| 0.052| 0.048 | 0.47| 0.43| 1.53| 0.54

location

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 With Without With Without With Without With Without With
actuator actuator | actuator | actuator | actuator actuator | actuator | actuator| actuator| actuator

Upward 051 | 032, 098| 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 | 0.79 | 0.43 | 1.04| 0.34| 0.11 | 0.08 | 158| 0.52| 1.16| 0.51

location

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 aigegélevator
system with timevarying length under earthquake excitation were analyzed. This chapter
described a method to calculate the governing equation abjes vibrating simultaneously.

Rope vibration control was analyzed for four casgéthout 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 ropesiia highrise 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.
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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 ortheproposed control force Eq. (3.61) in Chapten3yrder to save system energy,
the controlforce 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:

0 if U bo (4.1)
U hsignqg' g ‘q‘ if 10 U O
10° if U p10°

where .=[ky ko... ken kni knz... kol with ki, ki >0,k,i=1,...,N are control

parameters. The stability of the controller was conewlierour 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 parametkys k. In addition, these parameters
are searched itwo cases: the elevator is upwaathdthe elevator is downwardh each case,
the control parameters were found. The valuthetontrol force depends on the value of the
control parameters. However, tbentrol force is limited to a value which is aimed to satisfy a
practical operating condition. Therefore, the design varial{es k,;) are set in a range from
1 to 9.%10° to satisfy the safety condition difie elevator system in practical. Moreover,

conditions of the design variables are set as:

B B .. B (4.2)
Bml §2 m% (4.3)

The above conditions will make the process of GA is not complicated and they are also
suitable to set the vads for an actuator ipractical The outline of the genetic algorithm

technique is considered as follsw
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Firstly, an initial population of control parameterk; (, k,,;) is randomly produced in

conformity with predefined population size.

Secondly, each chromosome in thepulation 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 fitnes 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, prespecific stopping criterion for the algorithm is being checked. latgerithm
reaches tdhe predefined number of interactions, the processing terminates. Otherwise, the

algorithm goes to Step 2.

The fitness function is defined #wefollowing:

1 (4.4)

f
max‘x ‘ max‘x ‘
[ m

where ' - 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 enogh to satisfy theconvergenceof the method. The flowchart of tH8A
procedure is shown in Fig. 4.The design variables of controk( , k) are represented as
ki = "g 10%, k.= ", x 10%. Then" & " are set as the genes for Genetic Algorithm. The

parameters othe Genetic Agorithm 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 Earthquakepjiu 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 cHseeafthquake, the

control parameterareoptimized for two cases of moving camcluding downward, upward.

Table 4.1Parameters of Genetic Algorithm

85



Parameter Gene Value

' 1,2,...99
Control parametek;

"o 1,2,...,6

" 1,2,...,99
Control parametek_,

"¢ 1,2,....6
Population size - 8
Generation number - 400
Crossover rate - 0.8
Mutation rate - 0.3

Fig. 4.1 Flow chart ofhe proposed Genetic Algorithm
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Case 1: Optimize control parameters when the elevator is upward

In order to verify theeonvergence of the Gprocedure, thevolution of the fithess function
value can be observed in Fig. 4.2, Fig. 4.3, Fig. 4.4, Fig.a# Fig. 4.6 under 5 cased of
earthquake Kumamoto NS wave (2016, Kumamoto Earthquake), Sendai NS wave (2011, Great
East Japan Earthquake), Shinjuku NS waa97, Nigita Prefecture Chuetsu Oki Earthquake),
Tomakomai NS wave (2003, Tokachi Earthquake) and Tokamachi NS wave (2004, Nigita
Prefecture Chuetsu Earthquake), respectivelsan be observed in these figures that the best
value of fitness functions amchieved with 400 times of iterations. Hence, computdson
carried up to more 400 times of iteratiamd 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 42. Parameters of the controller

Optimal value ofB, Optimal value of B
Kumamoto 4.88q10 1.64q10
Sendai 3.21q106 5.12q10
Shinjuku 7.28q16 5.41q10
Tomakomai 5.57q10 3.40q10
Tokamachi 3.29q16 9.41q10

Best fitness value

Fig. 4.2 Evolution of théitness functon values (Kumamoto Earthquake)
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Best fitness value

Fig. 4.3 Evolution of the fitness fution values (Sendai Earthquake)

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

Best fitness value

Fig. 4.5 Evolution of the fitness functiovalues (Tokamachidthquake)

88



Best fitness value

Fig. 4.6 Evolution of the fitness functiovalues (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
reduce 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 forcein this caseis described in Fig. 4.9.

Figure 4.10 shows the disgement of the main rope when the elevator car is down under
theSendai 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 als® reduce
significartly 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 caseis described in Fig. 4.12.

Figure 4.13 shows the displacemehthe 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 reducssignificantly byusing 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 forcein this caseis described in Fig. 4.15.

Figure 4.16 shows the displacement ofri@n rope when the elevator car is down under
the Tokamachiearthquake. The displacement of the compensation rope when the car is down
underthe Tokamachiearthquake is denoted in Fig. 4.17. The vibration of elevator ropes also

reduce significantly by usng 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 forcein this caseis described in Fig. 4.18.

Figure 4.19 shows the displacement of the mape when the elevator car is downward
under Tomakomaiearthquake. The displacement of the compensation rope when the car is
downward undeifomakomaiearthquake is denoted in Fig. 4.20. The vibration of elevator
ropes also redusaignificantly by using ptimal 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 forgen this caseis 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 rgense 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 compemsatipe
(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&eonvergence of the Gprocedure, the evolution of the fithdasction
value can be observed in Fig. 4.22, Fig. 4.23, Fig. 4.24, Fig, @n25Fig. 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 BreféChuetsu OKki
Earthquake), Tomakomai NS wave (2003, Tokachi Earthquake) and Tokamachi NS wave
(2004, Nigita Prefecture Chuetsu Earthquake), respectitelyn be observed in these figures
that the best value of fitness functions are achieved with s tof iterations. Hence,
computationis carried up to more 400 times of iterati@md 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.

Table4 3. Parameters of the controller

Optimal value ofB, Optimal value of B
Kumamoto 2.71q16 9.32q10
Sendai 5.88q10 1.27q106
Shinjuku 8.00q16 7.70q10
Tomakomai 1.20q10 1.12q10
Tokamachi 1.40q16 2.40q106
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Best fitness value

Fig. 4.22 Evolution of the fitness funoti valuegKumamoto Earthquake)

Best fitness value

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

Best fitness value

Fig. 4.24 Evolution of the fitness funeti values (Shinjuku Earthquake)
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Best fitness value

Fig. 4.25 Evolution of the fitness functicvalues (Tokamachi Earthquake)

Best fitness value

Fig. 4.2 Evolution of the fitness functiovalues (Tomakomai Earthquake)

Figure 4.27shows 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 undeKumamoto earthquake is denoted in Fig. 4.28. The vibration of elevator ropes
reduce 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 forcein this caseis described in Fig. 4.29.

Figure 4.30 shows the displacement of the main rope when the elevator car is down under
theSendai earthquake. The displacement of the compensation rope when the car is down under
the Sendai earthepke is denoted in Fig. 4.31. The vibration of elevator ropes also seduce
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 caseis 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 earthquakelenoted in Fig. 4.34. The vibration of elevator ropes
also reducssignificantly 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 forcein this caseis described in Fig. 4.35.

Figure 4.36 shows the displacement of the main rope when the elevator car is down under
the Tokamachiearthquake. The displacement of the compensation rope when the car is down
underthe Tokamachiearthquake is deted in Fig. 4.37. The vibration of elevator ropes also
reduce 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 forcein this caseis described in Fig. 4.38.

Figure 4.39 shows the displacement of the main rope when the elevator car is downward
under Tomakomaiearthquake. The displacement of the compensation rope when the car is
downward undeifomakomaiearthquake is denotdd Fig. 4.40. The vibration of elevator
ropes also redusaignificantly 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 forgen thiscase s 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)

i

Fig. 4.29 Output of the actuator (Under Kumameaothquake)

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. 4.33Displacement 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 leé 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 Tonakomai 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. Howevert takes time to calculate the optimal control parameters. It is not
able to reduce the vibration of elevator rope in practical. Therefore, based optithal
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 pasameters
found by usingthe standard deviation method. These values will be tested for the elevator
system under another earthquake that is diffeérem the earthquakes using in GA method.

The expected values are given by:

o B
i 45
B, C&lo T (4.5)
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where B oo j= m, c are expected controller parameteﬁj’sis population standard deviation.

is a number ofthearthquake using the A method.

(4.6)
T
]
N B
i 4.7
v “

In order to save the energy of the actuator, the controller parameters are measured as:

B
i 4.8
8., & (4.8)

-

The expected valseof controller parameterare measured and listed in Table 4¥he
vibrations of the elevator ropes are analyzedan 4 kinds of earthquake including Osaka
earthquake NS wave (2018, Osaka Prefecture Northern Earthgdekkaido earthquake NS
wave (2018, Hokkaido IburiEastern Earthquake), Sakai earthquake NS wave (2016,

Kumamoto Earthquake) and Konohana earthquake NS wave (2011, Great East Japan

Earthquake)

Table 4.4. Parameter$ the expected value controller

Upward Downward

‘mi *Ci *mi *Ci

2034 11940 | 1.004 1.27F
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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 undéine Kumamoto earthquake. The maximum \albf the
acceleration of the top floor is 8.74 f/Bigure 4.44 shows the velocity of the top floor of the
building undeithe Kumamoto earthquake. The maximum value of the acceleration of the top
floor is 0.60 m/s. Figure 4.45 shows the displacementeotiag floor of the building undéne

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. 4.44Velocity of the building’s top story

Fig. 4.45 Displacement of the building’s top story
The vibration of the elevator ropssanalyzedn a randorty selected period of 37
seconds (fronthesecond 15th tthe second 5&d).

For the case when the roperisving upward, the displacement responsekexinain rope
is denotedn Fig. 4.46 and the displacement of the compensationai@uenoted in Fig. 4.47.
The maximum amplitude of the main rope without the actuator is 0.89 m. When the actuator is
installedand 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 Q.86dnt is redued 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 responsecfropes when the car is

downward. When the actuator is not used, the maximum amplitude of the main ropems 1.15
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and the maximum amplitude of the compensation rope was.IT@e maximum amplitudes
of the main rope and the compensation rope withctharoller 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 comgenseaope
(When the elevator system moves upward)

Fig. 4.48 Output of the actuator
(When the elevator system moves upward)
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Fig. 4.49 Displacement response of the main rope
(When the elevator system moves downward)

Fig. 4.50 Displacement responsetlté 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 wav€011, 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 undéhe Konohana earthquake. The maximum eabf the
acceleration of the top floor is 1.10 R/Bigure 4.54 shows the velocity of the top floor of the
building underthe Konohana earthquake. The maximum value of the acceleration of the top
floor is 0.87 m/s. Figure 4.55 shows the displacementeotia floor of the building undéne
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)

Iy

Fig. 4.53 Acceleration of the building’s top story
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Fig. 4.54Velocity of the building’s top story

Fig. 4.55 Displacement of the building’s top story
The vibration of the elevator ropssanalyzedn a randorty selected period of 37
seconds (fronthe second 150th tthe second 187th).

For the case when the rope is moving upward, the displacement respahsesaoh rope

is denotedn Fig. 4.56 and the displacement of the compensationai@uenoted in Fig. 4.57.

The maximum amplitude of the main rope without the actuator is 0.40man\We 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 astus0.62 mand 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 shothe displacement response of two ropes when the car is

downward. When the actuator is not used, the maximum amplitude of the main ropems 0.75
110



and the maximum amplitude of the compensation rope was.TBe maximum amplitudes
of the main rope and theompensation 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 Displaceent 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)

LI

Fig. 4.61 Output of the actuator
(When the elevator system moves downward)
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Case 3:0Osaka 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 undethe Osaka earthquake. The maximum valuehefacceleration of the top

floor is 2.94 m/& Figure 4.64 shows the velocity of the top floor of the building utickr

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 topiflof the building undethe Osaka earthquake. The

maximum value of the acceleration of the top floo®.86 m.

Fig. 4.620sakaearthquake acceleration data (NS wave)

Fig. 4.63 Acceleration of the building’s top story
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Fig. 4.64Velocity of the building’s top story

Fig. 4.65 Displacement of the building’s top story
The vibration of the elevator ropssanalyzedn a randorty selected period of 37
seconds (fronthesecond 15th tthe second 5&d).

For the case when the roperisving upward, the displacement responsekexinain rope

is denotedn Fig. 4.66 and the displacement of the compensationai@uenoted in Fig. 6.67.

The maximum amplitude of the main rope without the actuator is 0.36 m. When the actuator is
installedand 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 Q.80dnt 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 displaeeimresponse of two ropes when the car is

downward. When the actuator is not used, the maximum amplitude of the main ropems 0.37

114



and the maximum amplitude of the compensation rope was.08e maximum amplitudes
of the main rope and the compensatiope 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 resporsfethe 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. 4.70Displacement 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 analyzeoh 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 thertop flo

is 0.31 m/& 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 Sakhgeake. The maximum

value of the acceleration of the top floor is 0.22 m.

earthquake acceleration [m/sz]

Fig. 4.72Sakaiearthquake acceleration data (NS wave)

acceleration [m/sz]

Fig. 4.73 Acceleration of the building’s top story
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Velocity [m/s]

Fig. 4.74 Velocity of the building’s top story

Displacement [m]

Fig. 4.75Displacement of the building’s top story
The vibration of the elevator ropssanalyzedn a randorty selected period of 37
seconds (fronthesecond 20th tthe second 57th).

For the case when the rope is moving upward, the displacement respahsesaoh rope
is denotedn Fig. 4.76 and the displacement of the compensationaiguenoted 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 rbgeusing the actuator is 0.05 m. The
maximum amplitude of the compensation rope without actuator is Q.40dnt is reduced by
using actuator with the proposed control method. The maximum amplitude of the compensation
rope by using the actuator is 0.96 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 ropems 0.26
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and the maximumnamplitude of the compensation rope was OrilZ’he 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 Disphcement 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)

Control force [N]

Fig. 4.78 Output of the actuator
(When the elevator system moves upward)
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Control force [N]

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 movesihovard)
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Table 4.5 Maximum displacement response and the reduction of the main rope [m]

Earthquake Hokkaido Konohana Osaka Sakai
Without With Without With Without With Without With
actuator actuator | actuator | actuator | actuator| actuator| actuator 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 adriifgensation rope [m]

Earthquake Hokkaido Konohana Osaka Sakai
Without With Without With Without With Without With
actuator actuator | actuator| actuator | actuator| actuator| actuator| 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 areredehy usinghe
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 roptgnand
main rope in a highise 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 valse 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 ofa cable-guided hoisting

system

5.1 Dynamic of the cableguide hoisting system

There are a lot of studies about analgzand control the vibration dhe elevator system
which has rigid rails. However, in practice, thessome special elevator system as Fig. 5.1.
This model is used to work in the deep shaft. The system is knoawwasdeguided hoisting
system. There are ahead sheave, a hoisting cable, a bucket, two suspension cable cables, a

platform hung by four roe Now, this system has been used for the mining elevator.

Fig. 51 Cableguided hoisting system
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The cableguide hoisting system can be simplified as the model shown i3 Rigrhis model

includes one hoisting rope of lendth at the time instart; two guide ropes of length and
a conveyance of mass, 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 enviromiisturbance. In order
to reduce the vibration of the hoisting rope, an actuator is installed at the conveyance. Figure
5.3is the equivalent model of the caigaided hoisting system. The equmat stiffness and
damping of the two guide cables &g,k , andcC_,C_,, respectivelym is the equivalent mass

of the guide cable.

(a) Simplified model (b) Equivalent model
Fig. 5.2 Model othecableguided hoistingsystem
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The equation of motion of tH@istingrope can be written as follows:

X, t X, t X, t
SY Xt L Xt Fxt
g2 x2 x ¢
X, t g x;t X, t X,t
@t Y 4 T x.t $—
x X 4 x? (5.1)
2
sy x,t g% xt
Seag? 2 Y
¥ X g ¢
Ltk tyext Ex It 0,

wheresS S m, m ¥ It , Ex |t isDiracdeltafunctionm, §§L, Sis

1 e

the density of the guide cabke,t is the acceleration of the hoisting ropet is the velocity

of the hoisting ropek is Young's modulus of the hoisting ropndA is the section area of the

hoisting ropeT is the tension of the hoisting rope. The tension of the hoisting rope is given as:

without actuator

Txt @ St x 5_ at, (5.2)
with actuator

Txt m §lt x éi at U. (5.3)
The tension of the guide cables are given as:

T,x T, $L x, (5.4)

T,x T, S$L x. (5.5)
The equivalent stiffness of the guide calbdegiven by:

 Tw BTy (5.6)

o | t L It

 Te LT, (5.7)

¢ | t L It
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The equivalent stiffness of the guide calbegiven by:

c,t  ¥K,t, (58)

el

t K, t, (5.9)

CeZ

where Yand Y are the damping ratio of the guide cables.

Thetransverse responsé the hoisting rope can be expressed as falow

ftx (5.10)
It

yxt yxt ft

The partial derivatives of the hoisting rope dynamic response can be calculated as:

yxt  gFxt ft (5.11)
S X It
¥’ xt Sy xt (5.12)
? x?
y*xt Sy xt ft ftlt (5.13)
x & % | t 12t
sy Xt g xt . ftx ftltx (5.14)
S $ | t 12t
2 xt  F2xt f ftx 2ftltx (5.15)
t
st $° | t 12 ¢
ftltx 2Xtl?tx
1%t 1%t ’

y x,t isthe vibration of the hoisting rope and satisfied the boundary conditions:

(5.16)
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The solution of the vibration the hoisting ropex,t is obtained as:

NSy 5.17
yxt = (EKJ%’LQ t, 5-17)
Jtoia t =@

whereqg. t j 1,..,N is the modal coordinate respectyjox,t , K X §is the mode
] ] t :

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

KX
J.t

The mode shapes used are normalized, so that:

J

. 5.18
2 sin %3’:— (518)

®

It

CKoxtdxo 1, (5.19)

TKoxt Kxtdx 0 ivj. (5.20)

0

A new variable is given as:

rx (5.21)
|t

This new variable describes the varying dom@lnt for x to a stable domairg,l for

[. Hence, the above normalization in treav variable can be written as follows:

1

|§ [d[ 1 (5.22)

1

"K [ K B[O ivj. (5.23)

The solution of the vibration of the roge x,t can be rewritten byhe new variable as

follows:
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°

Thepartial derivativegy x,t can be calculated as:

Y Xt 1 N
oX [gt,
SN It ft i1 3
—2
¥ xt 1 N
> S [gt,
S Ithﬁtjl
Y x,t 1 N q t At
q —_—
XSttt ' 22t ‘Vt‘
It x N
J[qit’
Pt It iz
Y Xt 1 N t N

|t[ N !X:—|
0K £ -4
| t t i1 g(t-®
2 x,t 1 N |t N
[g t t
N AL T PR
At [ w
J[qit
| t t i1

Substituting EqsH.11)-(5.19 in Eq 6.1) yields:
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(5.25)

(5.26)

(5.27)

(5.28)
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y Xt y Xt y X, t E Xt
sT XL g IX T P
& x? x g X
s 2ftvt [ fta[ Ftv?it [T
Sgt ft | .
- |t |t 1%t ®
S‘2vtft Xtvit fta
g( |t 12t It =@
VXt ft
SS9 at ~ S9 at —
SV Xt (5.30)

5{“1 dt 1 [g at U
3 S5y xt ft.zﬂgT2 X,t
—EAg 1 :
2 §,9< It =g SF

t k,t ®xt E[1

+ 2

1 e2

gt k,t §t ft[E[L1 O

e2

I

In practice, the guide cables will have damping. For analysis, the dampmg ehrectly
added to Eq. (5.30Moreover, note that the Eq. (5)33 ahigh order and coupledvhich
makes little difference to the result and causes great difficulties in solvingqtnetion.
Therefore, Eq. (5.30can be rewritten as:

sV x,t vV Xt y Xt B Xt
Sy— Bt il ot séy— as i

&2 x2 x g g
2f tvt [ fta[ ZFtvit [

e
Sg/t f i . :
It |t %t ‘®
S’thft Xtvit fta ™
g/ |t 12t It =@
Yy Xt ft
SS9 at S9g atl—
t
SV x,t

2
t g% xt
Seag ¥
2 t *® sx?

t Kk, t ®BXt E[1
t k,t £t ft [E[1

1 e2
g Xt
%1t Cezt‘%TE[l 0,

1
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Substituting Egs (5.25(6.29) in Eq (5.31)multiplying it with K [\l t and integrating

0to 1, the motion of equation of hoisting rope is as follows:

it from [
1 N 1 N
§".@|K [qu[td [m m "_@Kj[ Kq [t ELMd
ol1l 0l 1
t 1o
Tt ek [ K g td]
o i1
vt I~
m, me—"@KI[KQt E [1d |
It 1 .
vt 1w
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o i1
_l 1 N
i{nl gt 1 [g at UT"@iK [qu[td [
<t ;1
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The matrix form of the equation of motion cangresented as follows:
Mg Cq K Uug F,

where
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0 0
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. Kd [ (5.38)

srf
ol

—
1

2f t v t ftat Xtv?
| t |2t

®
X
=Y

1
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1) Itol

5.2 Design the controller and numerical results

As in Chaper 2, the controller for the cablguided hoisting system is given as follows:

£ 0 if U b0

. t.sign q q ‘q‘ ifu 0

(5.40)

The properties of the cab@uided hoisting systerarelisted in Table 5.1. The maximum

length of the hoisting rope i 430m with a density per unit length of 1.5 kg'mThe
Young’'s modulus and section area of the hoisting imped5 g 10MPa and7.854 q 10° nf

. The density per unit length ttfie guide cable is 0.2 kg.fa The damping ratio of the guide
cable is0.03. The mass of the hoisting conveyance is 500 kg. The preload guithe cable

is 3 q10'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 ri.sA MATLAB implementation of an explicit Newmask

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:
ft Asin2@ P (5.41)

The vibration of thehoistingrope is analyzed for 70 seconds and 3 cases of disturbance.

The values of A and are listed in Table 5. 2. The control parameters are chosen

B B .. B 500C (5.42)
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Table 5.1. Cablguided hoisting system propesifor the numerical simulation

Parameter Symbol Value
Mass per length of hoisting rope S 1.5 kg.m!
Mass per length of guide rope S 0.2 kg.m*
Velocity of the bucket v 6 m.st
Acceleration of théucket a 0.8 m.¢
Length of the cable L 430 m
Preload in the guide cables T.T, 3ql0'N
Mass of the hoisting conveyance m, 500 kg.
Young's modulus E 1.05q10 MPa
Section area A 7.854010° m?
Number of mode N 3

Table 5.2. The values of A arfd

A f
Case 1 0.1 [m] 0.2
Case 2 0.5 [m] 0.2
Case3 0.1 [m] 0.5

Case 1:f t 0.1.sin 2Q0.2 {m

For the case when the hoisting rope is moving upward, the displacement responses of the
hoisting rope islenotedn 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 020 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 0.98 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 cas€jg. 5.7 shows that the mimum displacement of theope
without the controller w&0.86 m. Tie 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 hogstope
(When the bucket moves upward)

Control force [N]

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)

Control force [N]

I

Fig. 5.6 Output of the actuator
(When the bucket moves downward)

Length of the rope [m]

Fig. 5.7 Displacement response of the hoisting rope
(When the bucket is at the lowest location)
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Control force [N]

Fig. 5.8 Output of the actuator
(When the bucket is at the lowest location)

Case 2:f t 0.5.sin 2Q0.2 {m

For the case when the hoisting ropenigving upward, the displacement responses of the
hoisting rope islenotedn 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.h& 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
actudor 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 whéndket is at the
lowest location. For this casEjg. 5.13 shows that the maximum displacement ofroipe
without the controller w&2.43m. The displacement of this rope by usthg controller was

maximum at 1.0%n. Figure 5.14 presents the value @& tontrol 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 buckenoves 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 ldoa)
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Case3:f t  0.1.sin 2Q0.5 n!“:+

For the case when the hoisting rope is moving upward, the displacement responses of the
hoisting rope islenotedn 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
at0.26 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 THmaximum
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 casEjg. 5.19 shows that ¢hmaximum displacement of thepe
without the controller we10.58 m. Te 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 theésting rope
(When the bucket moves upward)
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L

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)

A

Fig. 5.18 Output of the actuator
(When the bucketnoves 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 analyaghe vibration of a hoigtg rope in a cablguided 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 fohoisting 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

Conclusiors

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. Moretiversway and of

compensation rope and main rope in a frigh elevator system with timerying length under

earthquake excitation were analyzed simultaneously. In addition, by using Genetic Algorithm

method, the optimal parameters were found, the expected values were calbylabed

standard deviation method@he proposed method is also fioned by using it to control the

vibration of another elevator modethich is calledthe cableguide hoisting system. Base on

the theoretical and simulation results, the achievements are summarized as follows:

The numerical model results indicated goadfprmance of the control method for
vibration in elevator ropes in a higlse building under earthquake excitation. The
proposed controller also demonstrated effectiveness in cases where the elevator car was
moving upward, downward, stopped at the low&sir, and stopped at the highest

floor.

The mode number of elevator ropes tharewsed 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 restrtne 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 highise building under earthgie excitation. The proposed
controller is also effective.

The expected values fdhe proposed controller are applied for another case of
earthquakes. The consequence indicates that the proposed controller can be used for
practical elevator system underthquake excitation in general.

The proposed methadso hagffective 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 elevatsystems safety in highse buildings under earthquake excitations.

142



List of publications

1. Analysis and Control of Compensation Rope Response in Elevator System with Time
Varying Length
Thuan Xuan NGUYEN, Nanako MIURA, Akira SONE

2017 11" Asian Control ®nference, ASCC2017, pp. 9030, DOIl:
10.1109/ascc.2017.8287291

Analysis and control of vibration of ropes in a higée elevator under earthquake
excitation
Thuan Xuan NguyerNanako Miura and Akira Sone
Earthquake Engineering and Engineering Vibrat\éol, 18, No. 2, pp. 44460, 2019
DOI: 10.1007/s1180819-05149

Optimal design of control device to reduce elevator ropes responses against earthquake
excitation using Genetic Algorithms

Thuan Xuan NGYEN, Nanako MIURA, and Akira SONE

Journal of Advancedlechanical Design, Systems, and Manufacturing, Vol. 13,2No

2019, DOI:10.1299/jamdsm.2019jamdsm0038

143



Acknowledgments

First and foremost, | would like to express my deep gratitude to my supervisors, Professor
Akira Sone, Professor Arata Masuydad Doctor Nanako Miura, who have supported me
throughout this study with their patience, enthusiasm, motivaiah kindness. Without their

supervision and constant help, this thesis would not be completed.

| am grateful to Professor Kaekamei, Doctor Nguyen Chi Hupgnd Doctor Do Duc
Nam for their introduction and giving me an opportunity to statlKyoto Institute of
Technology.

I would like to thank Associate Professor Daisuke Iba for his advice and technical supports.

| also want © acknowledge the funding resources that made my study possible. | was
funded by thelapanese Government Monbukagakusho (MEXT) scholarship for my study in

Japan.

144



(1)

(2)

3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)
(11)

(12)

(13)

References

Bao, J. H., Zhang, P. and Zhu, C. M., Modeling and control of longitudib@tion on
flexible hoisting systems with timearying length, Procedia Engineering, Vol. 15, No. 1
(2011), pp. 4524526.

Bao, J. H.and Zhang, P., Transverse vibration of flexible hoisting rope withwangng
length, Journal of Mechanical Scienaedalechnology, Vol. 28, No.2 (2014), pp. 457
466.

Bao, J. H., Zhang, P., Zhu, C. M. and Ming, Z., Nonlinear vibration analysis of flexible
hoisting rope with timevarying length, International Journal of Acoustics and Vibration,
Vol. 20, No. 3 (2015a), pd.60-170.

Bao, J. H., Peng, Z. and Zhu, C. M., Dynamic Analysis of Flexible Hoisting Rope with
Time-Varying Length, International Applied Mechanics, Vol. 51, No. 6 (2015b), pp. 710
720.

Benosman, M. and Fukui, D., Lyapunbased control of the sway dynasior elevator
ropes, American Control Conference ACC (2014), pp-3249.

Benosman, M., Senrdctive control of the sway dynamics for elevator rope, arXiv:
1501.04317v1 (2015), pp-a

Chen, K. Y., Huang, M. S. and Fung, R. F., Dynamic modeling inpdt-energy
comparison for the elevator system, Applied Mathematical Modelling Vol. 38-8l0.7
(2014), pp. 203-2050.

Chi, R. M, and Shu, H. T., Longitudinal vibration of a hoist rope coupled with the vertical
vibration of an elevator car, Journal of &dwand Vibration, Vol. 148, No.1 (1991), pp.
154-159.

Fujino, Y., Warnitchai, P. and Pacheco, B. M., Active stiffness control of cable vibration
Journal of Mechanical Engineering, Vol. 54, No. 10 (2008), pp-6&885

Hansen, C. H., Active control of noiaad vibration (1997), E and FN Spon.

Jinjie, W., Guohua, C., Zhencai, Z., Yandong, W. and Weihong, P., Lateral response of
cableguided hoisting system with timearying length: Theoretical model and dynamics
simulation verification, Journal of mechanicaigineering science, Vol. 229, No. 16
(2015), pp. 2902920.

Jovan, V., Petar, M., Rastislav, S. and Nikola, B., Dynamic analysis of thdiftoegl
mechanisms, Journal of Mechanical Engineering, Vol. 54, No. 10 (2008), pp6655

Kaczmarczyk, S., lwdaewicz, R. and Terumichi, Y., The dynamic behavior of a-non

145



station elevator compensating rope system under harmonic and stochastic excitations,
Journal of Physics: Conference Series 181, 7th International Conference on Modern
Practice in Stress and Vilii@an Analysis (2009), pp-8.

(14) Kaczmarczyk, S., Nonlinear sway and active stiffness control of long moving ropes in
high- rise vertical transportation systems, ICOVP: th¥ lb@ernational Conference on
Vibration Problem (2011), pp. 1838.

(15) Khalil, H., Nonlinear Systems,"? Edition (1996), New York Macmillan.

(16) Kimura, H. and Nakagawa, T., Vibration analysis of elevator rope with vibration
suppressor, Journal of Environment and Engineering, Vol. 2, No.1 (2007),-Bf. 76

(17) Kimura, H., Ito, H, and Nakagawa]., Vibration analysis of elevator rope (forced
vibration of rope with timevarying length), Journal of Environment and Engineering,
Vol. 2, No.1 (2007), pB7-96.

(18) Kimura, H., Ito, H, and Nakagawa, T., Vibration analysis of elevator ro;ﬂér@)ort,
force vibration of rope with damping), Journal of system design and dynamics, \ol. 2,
No. 2 (2008), pp. 54649.

(19) Knezevic, B. Z., Blanusa, Band Marcetic, D. P., A synergistic method for vibration
suppression of an elevator mechatronic system, Journabofd@md Vibration Vol. 406
(2017), pp. 29%0.

(20) Kumaniecka, A. and Niziol J., Dynamic stability of a rope with slow variability of the
parameters, Journal of Sound and Vibratil, 178, No.2 (1994), pp. 21226.

(21) Lee, S.Y. and Lee, M. A., Anew wave teirfue for free vibration of a string with time
varying length, Journal of Applied Mechani®®). 69, No.1 (2002), pp, 887.

(22) Miura, N. and Kohiyama, M., Vibration reduction of a buildialgvator system
considering the intensity of earthquake excitatidhYMCEE LISBOA (2012), pp.-10.

(23) Otsuki, M., Yoshida, K., Nagata, K., Fujimoto, S. and Nakagawa, T., Experimental study
on vibration control for ropsway of elevator of highise building, American Control
Conference (2002), pp. 23813.

(24) Otsuki, M., Ushijma, Y., Yoshida, K., Kimura, H. and Nakagawa, T., Application of
Nonstationary Sliding Mode Control to Suppression of Transverse Vibration of Elevator
Rope Using Input Device with Gaps, JSME International Journal Series C Mechanical
System, Machine Elem&nand Manufacturing (2006), Vol. 49, No.2 pp. 388!.

(25) Rao, S. S., Mechanical Vibrations (1995Y,Rdition, Addson-Wesley, MA.

(26) Sandilo, S. H. and Horssen, W. T., On varidblegth induced vibrations of a vertical
string, Journal of Sound and Vibratjovol. 333, No. 11 (2014), pp. 2432249.

146



(27) Santo, D. R., Balthazar, J. M., Tusset, A. M., Piccirilo, V., Brasil, R. and Silveira, M., On
nonlinear horizontal dynamics and vibrations control for fsgbed elevators, Vol. 24,

No. 5 (2016), pp. 82B38.

(28) Tinker M.L, Cutchins M.A. (1992),"Damping phenomena in a wire rope vibration
isolation systeryy Journal of Sound and Vibration, 157(1), pAl&.

(29) Nguyen, X. T., Miura N. and Sone, A., Analysis and control of compensation rope
response in elevator system wiitné-varying length, 14 Asian Control Conference
ASCC (2017), DOI: 10.1109/ASCC.2017.8287291.

(30) Nguyen, X. T., Miura N. and Sone, A., Analysis and control of vibration of ropes in a
high-rise elevator under earthquake excitation, Earthquake Engineerifgimering
Vibration, Vol. 18, No. 2 (2019), pp. 4460.

(31) Tinker, M. L, and Cutchins, M. A., Damping phenomena in a wire rope vibration
isolation system, Journal of Sound and Vibration, Vol. 157, No.1 (1992); . 7

(32) Watanabe, S., Okawa, T., Nakazawa and Fukui, D., Vertical vibration analysis for
elevator compensating sheave, Journal of Physisc: Conference series 448. The 4th
Symposium on the Mechanics of Slender Structures (2013);%p. 1

(33) Yang, D. H., Kim, K. Y., Kwak, M. K. and Lee, S., (201Dynamic modelling and
experiments on the coupled vibrations of building and elevator ropes, Journal of Sound
and Vibration, Vol. 390, No. 3 (2017), pp.1691.

(34) Yani, R. M, and Darani, E., An analytical solution for vibration of elevator cables with
smal bending stiffness, World Academy of Science, Engineering and Technology,
International Journal of Mechanical and Mechatronics Engineering, Vol. 6, N0.10 (2012),
pp. 179183.

(35) Zhu, W. D. and Chen, Y., Theoretical and experimental investigation of eleediar
dynamics and control, J. Vib. Acoust,Vol. 128, No.1 (2005), pp &6

(36) Zhu, W. D. and Teppo, L. J., Design and analysis of a scaled model otaseighigh
speed elevator, Journal of Sound and Vibration, Vol. 264, No. 3 (2003), pfg3107

(37) Zhu, W D. and Xu, G., Vibration of elevator cables with small bending stiffness, Journal
of Sound and Vibration, Vol. 263, No. 3 (2003), pp.-GE9.

(38) Zhang, Y. and Agrawal, S. K., Hagedorn Peter, Longitudinal vibration modelling and
control of a flexible transpter system with arbitrarily varying cable lengths, Journal of
Vibration and Control, Vol. 11, No. 1 (2005), pp. 44836.

(39) Zhang, Q. and Yang, Y., Analysis of transverse vibration acceleration of segil

elevator with random parameters under randomitation, Periodica Polytechnica

147



Mechanical Engineering, Vol. 61, No.3 (2017), pp.-163.

148



