(TGS B B )

2011 S B AR RS AR
H lr}_ﬁqj j‘ﬁ?F [

TSR - B Flﬁ***%*ﬁl%? ek e i o
t[iu“‘&’g“ : :‘%:kr fﬁH A E

VEE A - S

LEIEARY]  20110717-20110721

iﬁfﬁlﬁ% : 20110731



i

SISk T R ) ”FL[ EES ET ﬁ\’[imﬁj‘ Tfll (ASME Pressure V essels and Piping
Conference) £} & #HE- v U A E[H] i IFA 1 BT 2011 F 7 F] 1721 Bl BIRLE
[ * 1§28 Marriott Waterfront Hotel 28~ > ”Eﬁé FISCB s FIA ~ Y s = S f'
N Eﬁ FE B =T (ST S f{ (American Society of Mechanical
Engineers)= #f- % ﬁ%& MIET @-iﬁ%]ﬁﬁt@ar‘thquake Engineering - Technology
for Seismic Mitigation) FEAM |15 Fﬁ' o= SR P E ?EPFEIFT% VH 15— %* Eﬁ?ﬁﬁ]‘ —rm{*‘j ;}T&”ﬁ[
e R REIRE 4L - R R R 5T bﬁ'ﬁﬁ%ﬂ%”#4# R
it 7 S50 5 4 Pend B B TR S B
S H PR 2 AP T H, DIRECT OUTPUT FEEDBACK CONTROL OF
HIGH-SPEED ELEVATOR SYSTEMS ;- % ﬂyr [[ FL fol Bt ',?t‘J ASME, 2011 PVP ?Iﬁ:ﬂ‘

F,[;;/EIF[\J N @IE N ,u\(gjyyj;a_ﬁ o



A e

B2 201TPVP F Y oo
é,fﬁp 2011PVP 1@7&@ ....................................................................................................................
BN 201IPVP - B IR e

L

5@?&%@ ettt At n et a et n et n ettt sene e enens



1. =20 2011PVP F1fv

B S T A F’* S ”ET ?&L’FEF?]‘ Tﬁl (ASME Pressure V essels and Piping

Conference) £} & #HE- v U A E[H] i IFA 1 BT 2011 F 7 F] 1721 Bl BIRLE
[ * 1§28 Marriott Waterfront Hotel 28~ > ”Eﬁé FISCB s FIA ~ Y s = S f'
N Eﬁ FE B =T (ST S f{ (American Society of Mechanical
Engineers)= #f- % rﬁ@k PR AHREE ]ﬁWU(Earthquake Engineering - Technology
for Seismic Mitigation) FEAM |15 Fﬁ' o= SRMEEH P ET Tﬁ[l?fi I 1lé_ %* %?ﬁrﬁ —rm{*‘j ;}T&”ﬁ[
{1 SR O RIE 7 4L ~ AR PRI 5T b@—@ﬁﬁf%ﬂﬂ4w N
i R 5 1 T R U KPR RIS S OBIRR 7 A
WEATRAT » = BT
1. Seismic Evaluation of Systems, Structures and Components
2. Structural Dynamics (linear and nonlinear)

3. Experimental and Analytical Studies in Systems Interaction

Systems Identification and Control

Seismic Isolation and Energy Absorbing Systems

Seismic Behaviour of Storage Tanks and Associated Equipment

Seismic Design of Piping Systems

Forum on Dynamic Response Behavior of Piping

A S BRI

Seismic Issues in New Reactor Licensing Activities

10. Earthquake Damages in Power Plants

) S NS T Aﬂ [—”jﬁ ﬂz”fl %EE & ALF*,@;FEIFJ %Iﬁ/ » H 55 180 (B - A h’]irrﬁ
= el ETpY B,% CEE A N5 F R T H, DIRECT OUTPUT FEEDBACK
CONTROL OF HIGH-SPEED ELEVATOR SYSTEMS | » 12/ S A 5 7= sl LAt i

{
SR AL o 2 F ARG » Hr] RS B A



2. &1 2011PVP 3

*fipéﬂ ETHLAT U TR A RIS 0T 18 [1= 21 PR 5
%f It w*ﬁﬁﬁwwﬁpﬁ%$ﬁ%ﬁ’wﬁﬂgﬁ% [FilfR] > = B
*‘ifﬁs&fll*iﬁb E%Fhlﬁfb I *E?JJL&'?'F&’? FYMBEF Pt o 2287y E s
FIFITS S0~ BUS o ST B 700 ZRyL g » FIE PG 1t gt =0 PR
1000 ”J B EEE R D P EPIANS VSRR ST 710 20
T A e b PR R R TAGET P 16 | IS A
RS F IR e f S AV LT H, DIRECT OUTPUT
FEEDBACK CONTROL OF HIGH-SPEED ELEVATOR SYSTEMS | » #°7 #| 19 ||
Rl 8 Rt A - STy HAE ) % PRI T PR IR A S
ﬂ%%@%ﬁﬁﬁﬁ’ﬁ%WHgé‘%ﬁo

241 2011PVP &l W E I3

%LF“F P2 51000 20 PR ST PRIFSPRHEITR . SF R
ST AL - BT R % - BYBSZA [ORLT OSSR T 0 B A

R S AT 2 PR o R RLA RN PSRRIV LAR - [ 0
BTSRRIV SRR R B N ?"rﬁﬁ”’# = FE e
R AR PR P 0 B (SR SRR RIS T AT SR F P HPT
HIER T o B N AR T e A S o)
10 ot Gl e R OSISE L PR (SRR DS U o AR R S
TRPRSEE T b o AR R TR | O U e (9 [ o)
R R E T Lt S e e S I
SRR (3 (50 095 (PO

B ([ SO R (A DRI B A3 R
PRI R AR A AL I e A
FEVEI - B S PRI I S BT S B - )
HIIE] ¢l 752 S BIRA L WP I R -



4ﬁﬁﬁﬁﬁﬁg¢%
Eﬁ*ﬁ 1. ﬁ]‘ﬁﬁgﬁ;fmﬁﬁ
PVP 2011

2011 Pressure Vessels & Piping Conference

Pressure Vessel Technologies—
A Look Ahead into the Next Decade

July 17-21, 2011
Baltimore Marriott Waterfront Hotel
Baltimore, Maryland, USA

pa 33

f5 2. 100 # 7 711821 FY, B2 - 55, ~ STy s TR o S M R
B WP VR -

y A a- "

REGISTRATION HOURS

-------




Proceedings of the ASME 2011 Pressure Vessels & Piping Division Conference

PVP2011
July 17-21, 2011, Baltimore, Maryland, USA

PVP2011-57814

H~ DIRECT OUTPUT FEEDBACK CONTROL OF HIGH-SPEED ELEVATOR SYSTEMS

Chang-Ching Chang
Post-Doctoral Research Fellow
Center for Environmental Restoration & Disaster Reduction
National Chung Hsing University
Taichung, Taiwan 40227, R.O.C.
Tel: 886-4-22862181, Fax: 886-4-22851992
Email: d9262102 @mail.nchu.edu.tw

Wu-Chung Su
Professor
Department of Electrical Engineering
National Chung Hsing University
Taichung, Taiwan 40227, R.O.C.
Email: wesu@nchu.edu.tw

ABSTRACT

The more the development of super high-rise buildings, the
faster the speed of elevator in order to shorten the riding time of
elevator and the waiting time of passengers. With the increase
of elevator speed, the horizontal vibration of passenger car
becomes more significant resulting in the decrease of
serviceability and safety of elevator, and the discomfort of
passengers. The horizontal vibration is mainly generated from
the elevator wheels running on rough and winding guide rails.
In this paper, a four degree-of-freedom (DOF) elevator system
was established to examine the characteristics of the excitations
and to analyze the dynamic responses of the elevator. An active
mass driver (AMD) was developed to reduce the horizontal
acceleration of passenger car in the elevator based on H
direct output feedback control algorithm. The optimal control
force is obtained from the multiplication of direct output
measurements by a pre-calculated time-invariant gain matrix.
To achieve optimal control performance, the strategy to select
both control parameters » and ¢« was investigated
extensively. Numerical verification results show that decrease
in y orincrease in o Yyields better control performance with
an acceptable magnitude of control force. The selective ranges
of ¥ and ¢« making a controlled system become
overdamped or unstable were found. To assure system stability
and control efficiency, the upper bound of « were derived
and illustrated graphically. An optimum design flowchart was
also proposed. Finally, a full-scaled high-speed elevator system
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was investigated to prove the applicability and control
effectiveness of the proposed AMD system.

KEYWORDS: High-speed elevator, active mass driver H
direct output feedback control.

INTRODUCTION

The more the development of super high-rise buildings, the
faster the speed of elevators is demanded in order to shorten
elevator waiting and riding time. The horizontal vibration
becomes more significant with the increase of the elevator
speed and will decrease the serviceability, the comfort of
passenger and the safety of elevator. The horizontal vibration is
generated by the excitation of elevator car due to the roughness
and winding of the guide rails and the turbulent flow induced
by high-speed movement of the elevator.

The growing number of high-rise buildings has expedited
the demand of elevator running speed for the past 20 to 30
years. As depicted in Fig. 1, the running speed of elevators has
been progressing from 488mpm in the 1970’s to 1,000mpm
nowadays. For example, the elevator in the Taipei Financial
Center (Taipei 101 building), manufactured by Toshiba
Elevator and Building Systems Co., can speed up to 1,010mpm.
Moreover, in addition to transporting passengers to the
destination floors swiftly and safely, a high-speed elevator
system should also provide a comfortable ride with least
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possible vibrations. As the traveling speed of elevators become
higher and higher, the vibration problem becomes even more
significant than ever considered. It not only incurs comfort and
safety concerns, but also shortens the lifespan of the elevator
system. To reduce vibrations throughout the elevator motions
has now become an imperative issue to the elevator industry.

The study of vibration control for high-speed elevator
systems has not received sufficient attention yet in the
literature. The Hitachi Elevator Asia Pte. Ltd. constructed a
research tower of 203-meter in height to launch a high-speed
elevator research project. Elevators with traveling speed up to
1,300mpm have been manufactured and implemented since
2009. In recent, China has a great demand on building elevators
due to its fast growth of newly developed metropolitans. The
Chinese elevator industry has put forward an extensive study on
the vibration control of elevators. Quite a few research results
were obtained in the literature.

1020 ‘ Taipei Financial Center }-.

840

i] Landmark Tower

.{ Sunshine60 %—
4{ John Hancock Center }l]
[
| |

‘ ‘ Sears Tower l

300 ‘.'{ Empire State }
\ \

120 ! !
1930 1950 1970 1990

660

Speed, mpm

480

Fig. 1 History of the High-Speed Elevator

The elevator vibration can be categorized into two classes;
namely, the vertical vibrations and the horizontal vibrations
which are caused by the guide rail installation errors, rail
surface roughness, rail curvature and deformation, roller guide
defects, and airflow turbulence during transportation, and so on
[2-3]. In present, there are more researches on the solution of
vertical vibration problems. These results have provided a
sound theoretical basis to the design and improvement of
elevator’s mechanical system.

On the horizontal vibration problems, Fu et al. [4, 5]
utilized the simulation packages of Automatic Dynamic
Analysis of Mechanical Systems (ADAMS) to analyze the
horizontal vibration of elevator car. They found that the
horizontal vibration frequencies of elevator system lie in the
range of 0-15 Hz, which is human-susceptible. Once a
resonance occurs in this vibration frequency range, the riders
are liable to feel uncomfortable. Li et al. [6,7] established a two
degree-of-freedom (DOF) model to study the guide rail effects
in horizontal vibration. The elevator frame and the elevator car
were separated from each other with rubber cushions. Such an
arrangement enables a simplified 2-DOF analysis with the cost
of accuracy. Okamoto et al. [8-9] proposed three typical
external force patterns applying to the guide rails. They are the
sinusoidal pattern, the triangular pattern, and the staircase
pattern, respectively. Such external forces are mainly due to rail

surface roughness. In this paper, in addition to the above three
patterns, we will also include the impulse force pattern into the
analysis of external forces on the guide rails.

The installment of guide rails with perfect measures and
alignment can indeed reduce the horizontal vibrations
substantially. However, in order to moderate the manufacture
and the installation costs, vibration control mechanism is in
effect a preferred approach. The structural vibration control
techniques have been proven to be very useful in compensating
the disturbances due to winds and earthquakes. They have also
been successfully implemented in reducing the horizontal
vibrations of high rise buildings, towers, and suspension
bridges.

The passive control approaches as such do not require
additional external energy source. They are structurally simple,
robust, easy to realize, and more cost effective. However, these
passive control approaches are also liable to the time-varying
external disturbances. The stability margin is usually limited to
the intrinsic features of the structure and can hardly been
improved as the building gets higher and elevator speeds get
faster. However, the active control approaches provides
additional flexibilities in coping with the external vibration
sources. In particular, the external vibration sources are time-
varying functions. Instantaneous measurements are therefore
very important in computing the active control forces in
response to those external disturbances.

The research on active control of high-speed elevator is
still a barren area in the literature. To name just a few, Skalski
et al. [10] practiced active control in dealing with horizontal
vibration problems. They used electromechanical drive systems
to reduce the horizontal acceleration of elevator car. In
addition, the active mass driver (AMD) manufactured by the
Hitachi Elevator Asia Pte. Ltd. has proven to be successful. The
research on vibration control of high-speed elevator is
obviously still in need.

The purpose of this paper is to develop an active mass
driver (AMD) control system to reduce the horizontal vibration
of passenger car during the operation of elevator. First, a four-
DOF dynamic model of elevator was established to examine the
characteristics of the excitations and to analyze the dynamic
responses of the elevator. A robust H_ control strategy is
applied to calculate the optimal control force based on direct
output measurements. Finally, numerical verifications from a
full-scaled high-speed elevator system were conducted to
assure the control effectiveness of the proposed AMD control
system.

VIBRATION ANALYSIS OF ELEVATOR SYSTEMS

Overview of Elevator Systems

Fig. 2 shows a diagram of an elevator system. It consists of
elevator car structure and guide system. An elevator car is
mainly composed of a car cabin and a car frame. Isolation
rubbers are installed between the cabin and the frame. Four
roller guide units which hold three roller guides facing the
guide rail in three directions are fixed at the four corners of car
frame. The elevator car goes up and down along two guide rails

2 Copyright © 2011 by ASME



which are fixed to the hoist way as straightly as possible.
Installation accuracy of guide rails influences the riding
characteristics. Each roller consists of a lever, a spring, and a
damper to absorb vibrations when the car goes over deformed

rails.
| | | 1/Wire rope
g
Rubber Guide rail
Car cabin —
Car frame
1=
L1
AMD
|
L———T—F
@\ / Roller guide

Spring & Damper

Fig. 2 Elevator System

Loading Type for Horizontal Vibration of Elevator Systems

It is generally recognized that the surface roughness of
guide rail, rail bending and distortion, and the associated
aligning errors in the process of installation are the major
causes of horizontal vibration of the car cabin when the
elevator system is in operation [9]. Let X, bending be bending
deformation, X, step be stepwise deformation, and be
skew deformation of the guide rails. Assuming that the left and
the right rails have the same deformation patterns, the rail
deformations can then be described as functions of building
height, i, as follows:

h
hy=o_, -sin| 27— (la)

Wbendlng( ) 'S ( T 2Lj

9, , if0O<R<L
XM =17 7 (1b)

’ -6, ,ifL<R<2L

%5% , if0OSR<L
Xw,skew(h) = 2L _ R ) (10)

—?5”1“ , if L<R<2L

where §_ is the maximum deformation. L is the unit rail
length. R =rem(h/2L) is the remainder of the building
height divided by two times of the rail length.

Dynamic Equations of Motion of Elevator-AMD Systems

It is reasonably assumed that the car cabin and car frame
are two rigid bodies. Only their horizontal translation and
rotation motions are considered. Define the variables X, and
6, as the horizontal displacement and rotational angle of the
center of car cabin. Similarly, X; , §, as the horizontal
displacement and rotational angle of the center of car frame.
Also define the disturbance variables X, X,,, X,;.and X,
as the displacements at the respective roller guide parts due to
the rail winding. Thus, the dynamic equations of motion for the
car cabin and car frame take the following four forms as

m.X, +(2c, +2¢, )%, + (2K, + 2k, )x,

+(=21,¢, +2l,¢,)0. + (=21 Kk, +2I_k, )6,

(2a)
—(2¢, +2¢, )%, —(2k, + 2k, )x,
+(2Ifl fzc )‘9 (2Ifl 2|f2k2)9f =0
1.6, +(=21c, +2l,c, ), +(—2lclkl+2Ic2k2)xc
(1,7, +21,%, + 212
+ (21K, +21,,7k, +2I 2k)t9 (b)
+(21,,¢, = 21,6, )%, + (21, k, =21k, ),
(2I01I“c +2|C2|f2c +21%c,
210k, 210k, 421K, 9, =0
m, %, +(=2¢, —2c, )%, + (= 2k, — 2k, )x,
+(2|clcl _ZICQCQ )Hc +(2|clkl _2|c2k2 )ec
+(_ 2If3Cr1 +2If4cr2 _2|f1C1 +2|f2C2)€f
w20k, + 200k, =20k, + 21k, )0, 2¢)
+(2¢c,, +2c,, +2¢, +2¢, X,
+(2k,, +2k,, + 2k, + 2k, )X,
C (X +X )+Cr2(XW2 +XW4)
+ k (Xw] + Xw3)+ er(XWZ + Xw4)
Iféf +2(If1C1 —|f202)XC +2(If1k1 _Ifzkz)xc
+2<I e, +1.,7c, +1,,°¢c, +1,,°¢c, +I32c3)6'?f
222K 1K 1K+ + 1K
+2(= 156, #1160, —111Cy + 14, )X o)
+

2-
2( If3kr1 +If4kr2 _Iflk +If2k )Xf
2[-

—17c, ), +
u cllflk Icz f2 k )H
:_If3crl(xwl +Xw3)+|f4 rZ(XWZ +Xw4)

IclIflC Ic2 f2

N
—_—

_If3kr1(xwl + sz)"’ If4kr2(xw2 + Xw4)

where m, = mass of car cabin, | .= mass moment of inertia of
car cabin, m,= mass of car frame, | ¢ = mass moment of
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inertia of car frame; As shown in Fig. 3, |cl and Icz are the
vertical distances of the center of mass (COM) of car cabin to
the upper rubbers and the lower rubbers of car cabin,
respectively. Similarly, |,,, and |, are the vertical distances
from the COM of car frame to the upper rubbers and the
lower rubbers of car frame. |, is the horizontal distance from
rubber to the COM of car cabin. |, and |, are the vertical
distances from the two rollers guides to the COM of car frame.
k.. k,. C,, and C, are the spring constants and the
damping coefficients of the upper and lower roller guides. The
spring constants and the damping coefficients for the two
horizontal and one vertical rubbers areK,, K,, K;, and C,,
C,. C,,respectively.

Consider the above 4-DOF elevator system equipped with
an active mass driver (AMD) at the bottom of car cabin as
shown in Fig. 1. The control force u(t) is expressed as

u(t) = Mo Xamo 3)

where My,,n and X, are the mass and acceleration of
active driver. Then, the equations of motion of the combined
elevator-AMD system can be rewritten in matrix form as

M)+ Cx(t) + Kx(t) = Bu(t) + E,w(t) o

where M, C, K are the 4x4 mass, damping and
stiffness  matrices, respectively; x(t) is the 4xl
displacement vector, w(t) is the 4x1 vector of external
excitations induced by the guide rail deformations as expressed
in Equations (la)-(Ic); B, and E, are 4xl and
4 x4 associated location matrices indicating the locations of
control force and excitations, respectively.

It

Fig. 3 Elevator Systems Modeled as four DOFs

Represented in state-space form, Equation (4) can be
rewritten as

X (t)= AX (t)+ Bu(t)+ Ew(t) )

x(t) B 0 I
X(t):{x(t)} A_LMIK —MIC}

9’ ’

0 0
B= 1 E= 1
M'B, ME,

s

where

are 8x1 state vector, §x8 system matrix, 8x1 controller
location matrix and 8x4 external excitation location matrix,
respectively. Define a px1 control output vector Z(t) and
an sx] output measurement vector y(t) as

Z(t)=C,X(t)+ Du(t) (6)
yt)=C,X(t) (7N

where C,, D and C, are px8, pxl and sx8 matrices.
In the absence of time delay, the direct output feedback control
force is calculated by

u®) =6yt (®)

where G isa 1xs time-invariant feedback gain matrix.

H- CONTROL OF HIGH-SPEED ELEVATOR
H_ Direct Output Feedback Control Theory

According to H_ control algorithm [11], the H, norm
of transfer function matrix T, (jo) of control output with
respect to external excitation takes the form

-
i1, o], =sup 2 02Le ©)
[wie),

where j = J-1, and sup is defined as the supremum over all
w(t). y is a positive attenuation constant which denotes a
measure of control performance. Adopting a smaller value of
y means that more stringent performance of control system is
required. From Eqgs. (6)-(8), it is derived that the transfer
function matrix T, (jw) isexpressed by

T,,(j©)=(C; + DGC,) jo- I -(A+BGCHT'E  (10)

Based on Eq. (9), the H_ norm of transfer function matrix
T, (jo) satisfies the following constraint

| T (i), =sup ST, (jo)l <y (1)

where sup & is the largest singular value of T, (jo)- It has
been proved [11] that an optimal H_ control system is
asymptotically stable if there exists a matrix P >0 that
satisfies the following Riccati equation
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(A+BGC,)" P+ P(A+BGC,)

+71—2PEETP+ (C; +DGC,) (C,+DGC,)=0

12)

One way to design the optimal H_ output feedback gain
is to solve Eq. (12) with minimizing the Entropy of T, (jo)
which takes the form [11]

E,(Ty,.7)=tr{E" PE} (13)

where tr{-} denotes the trace of a square matrix. Then, the
optimization problem to obtain gain matrix G 1is converted to
minimize the Entropy in Eq. (13) subject to the constraint of
Eq. (12). The Lagrangian L can be introduced as

L(G.P,2) =tr{E"PE + J[(A+ BGC,)' P+ P(A+ BGC))
(14)
+%PEETP+ (C,+ DGC,) (C, + DGC,)]}

where A is a 8x8 Lagrangian multiplier matrix. For
simplicity and without loss of generality, let D'C,=0 and
D'D=1 , the necessary and sufficient conditions for
minimization of L(G,P,A) are derived and expressed by

% =(A+BGC,)" P+ P(A+ BGC,)

(15a)
+ %PEETP +(C, + DGC,)" (C, + DGC,)=0
4
a_ (A+BGC, + %EETPM
opP /4 (15b)

+i(A+ BGC, +%EETP)T +EE" =0
4

a._ B'PiC; +GC,iC,; =0

oG (15¢)

Thus, the procedures to obtain the H_ direct output
feedback gain matrix G is: (i) to define a control output
vector Z(t) of Eq. (6), (ii) to select the attenuation constant
¥, and then (iii) to solve Egs. (15a-15¢) to obtain P, 4 and
G by any iterative scheme..

Selection of Control Output

Define the control output vector satisfying DTCI =0 and
D'D=1I as

Z()= {a-f} X0+ mu 0~ [a : mpszt )+ Lﬁ)} 16)

where [ = m, .[1 l, 0 0][_ MK —M"C] to make
Z(t) denote the combination of inertial force of passengers
and control force. In Eq. (16), the control weighting factor, &,
determines the relative importance between response reduction
and control force requirement. When the control parameter y
is specified, it implies that the sum of passengers’ inertial
forces and control force should be limited to a level lower than
y. As Zz() is reduced, the horizontal acceleration at the
bottom of the car cabin (X, +1,6) will become smaller. It

has been proved [11] that under this constraint, the balance
between reduction of passenger discomfort and limitation of
control force is determined by the control weighting factor, «.
Clearly speaking, the larger value of ¢, the more comfortable
the passengers, but, the larger required control force u(t)of
AMD. Once the control parameters } and o were decided,
one can compute the direct output feedback gain G by
solving Eq. (15). « =0 represents the uncontrolled case.

Selection of Optimum Control Parameters

For an AMD installed at the bottom of car cabin, B, can
be expressed as

B =1, 0 0] 17

With reference to the study by Lin er al. [11], for a SDOF
structure-AMD  system, with total mass, m , original
frequency, @, , and damping ratio, ¢ , the analytical

expression  of  optimal direct velocity  feedback
(DVF) (C,=[0 0 0 0 1 I, 0 0) gan G s
obtained from Eqs. (15a)-(15¢) as

G=-PP, (18)

The controlled frequency, @, , and damping ratio, ¢ , are

expressed as
w0, =, .

’

=% +%(_§0 +\/§02 +

R(P, +2a’ - mp2502w02)) (19)
2

@
In above equations, m, =mass of passengers, Po:i ,
m
1 a’m’
_p2 2, 22
R=FRK (1_7)’P2_7 @, m (1-,/1- }/Zmpz )

P — - 26{:0500 + 2\/§ozw02 + Pl(Pz + 20(2 : mpzé:ozwuZ)
o R

Under the constraints of P, and P, to be real numbers,
the selecting ranges of y and ¢ are confined in

when V1488 +8)  (20a)

O<a<— >
as 7/ = aub,stable 7 2
m, 4& +1

m 2502(()04 , when 1+ 8502 + 85: (20b)
O<a<—y [1-(1+—252)" = Ay gane YETae
m Ry " 4oy +1

P

In addition, from Eq. (19) and Fig. 4, it is seen that the
controlled damping ratio, &, can reach 100%. For a SDOF
structure-AMD system, if a desired controlled damping ratio,
&, » is given, the required control weighting factor @, can be
obtained from Eq. (19) as

J \/—mzyz[ztm.féﬁ(l—Pu>—m;1+m2/J[4mﬁéﬁ(l—P(,>—m;]2—32mp“§ﬁPa(2—E,>
a: =

8m,'s,*
@1
P 2
where p = Dz gy 20 g,
P07/ V4

For the case of underdamping, & <100% , the upper bound of

A, oy, can also be obtained from Eq. (21). Consequently,
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the optimum control strategy for an elevator system is (i) to
define a control mode and control output Z(t) by Eq. (6), (ii)
toselect y and a< @ . for stable system based on Eqs.
(20a) and (20b), (iii) to check a < A er from Eq. (21) for
underdamping. Fig. 5 shows the design flow chart for optimum
selection of control parameters ¢ and y.

5
T o'ub,cr
4 — "7 Opsiaple
S
] 1 underdamped =) (@)
3
= II: overdamped .
2 4
| Eq. (20 -
1 4 q. (20) et
N I: unstable
0 T T T T T LI
! 10

[ Define Control Output Z(t)] :' ® 0y = ; \:

P e =4 !

Select 7 and @ < @, 4y, fOr Stability L em=M.
(Eq. (202)-(20b)) o

///C/ﬁ/eck a< aub,c,\fb\i’\\\
—_ Underdamping

NG e
w/ Yes

ECaIcuIate Gain Matrix}

No

<

G

I

Calculate Control Force
ut)=Gy(t)

Fig. 5 Optimal Design Flow Chart for Selection of «
and y

NUMERICAL VERIFICATIONS

The elevator position function of time can be obtained
from the elevator velocity curve during its operation.
Substituting the position function into Eqgs. (1a)-(1c), one can
derive the time history of roller deformation. There is a fixed
position difference between the upper roller and the lower roller
at the same side of guide rail. This position difference will
reflect a phase change in the externally applied forces on the
upper and the lower roller. Thus, the external force vector
w(t) can be computed by using the time history of the roller
deformations, as shown in Fig. 6.

It is seen from Fig. 6 that the stepwise deformation of the
guide rails plays the major role resulting in horizontal vibration
of car cabin. Thus, it was considered as the external excitation
in this study. For a full-scaled high-speed elevator system, its
system parameters are listed in Table 1. Fig 7 shows the
transfer functions of acceleration at the bottom of car cabin
with respect to the external forces due to the upper and the
lower roller deformation, respectively, without and with control
of y=4 and ¢ =14. Both acceleration transfer functions
demonstrate an evident reduction in magnitude in response to
the external forces. They also show the effectiveness of the
feedback control on the first two modes.
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Fig. 6 Force Time Histories Due to (a) Level
difference (b) Bending (c) Skew at joint of Guide Rails

The acceleration responses at the bottom of car cabin with
and without control, and control force for the cases of y =4
and a =14 are shown in Fig. 8. It is seen that the peak
acceleration response is reduced by 44% and less than 20 gal
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satisfying the code requirement. The required maximum control
force was only 1.3 % of the total weight of car cabin and
passengers.

Table 1 Physical Parameters of Elevator Systems

me 1,200 kg Key 33,000 N/m
m; 2,100 kg K, 33,000 N/m
I, 2,270 kg . m* K, 180,000 N/m
I+ | 11400kg . m*> | K, 1,000,000 N/m
m, 70 kg K, 5,700,000 N/m
Iy 1.6m Cry 751.5N . s/m
lc, 15m Cry 751.5N . s/m
Is) 1.45m C 3,822N . s/m
P 1.65m C, 7,056 N . s/m
l¢5 3m Cy 39,200 N . s/m
I f4 3m |3 Im
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Fig. 7 Transfer Functions of Acceleration at the
Bottom of Car Cabin with Respect to the External

Forces due to (a) the Upper Roller (b) the Lower
Roller.
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Fig. 8 Time Histories of Acceleration at the Bottom
of Car Cabin with and without Control

CONCLUSIONS

This paper developed a four-degree-of-freedom dynamic
model for characterizing the horizontal vibration behavior of
high-speed elevator system. The proposed mathematical
formulations for external force patterns have been shown to be
useful in describing the guide rail deformations when the
elevator is operating in high speed. Thus, an active control law
can be designed for vibration reduction. This paper furthermore
developed a H_ direct output feedback control strategy for a
high-speed elevator equipped with an AMD control system. It
has been testified to be effective along with the following
conclusions:

1. The externally applied force due to the guide rail
deformation has to do with the elevator traveling velocity as
well as the guide rail length. Therefore, design of the car
cabin system should take into account of the expected
elevator traveling speed so as to avoid the fundamental
frequency of the disturbance. Of the three external force
patterns, the stepwise deformation of the guide rail plays the
major role resulting in the horizontal vibration of passenger
car.

2. One collocated AMD and velocity sensor are sufficient and
effective in reducing the acceleration in passenger car based
on the developed H_ direct output feedback control
algorithm. A design flowchart was proposed to select
optimum control parameters of y and « to assure
system stability and control efficiency. Finally, a full-scaled
high-speed elevator system was demonstrated to prove the
applicability and control effectiveness of the proposed
AMD system.
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