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2 Septenber 2005 WO 021070388 PCT/ S@2/ 00033 ANTI - SWAY CONTROL OF A
CRANE' . UNDER OPERATOR S COMVA

The I nvention Thj nven
relates to systens and met hods for"@mﬂmmmmm g cable susgﬁcﬂ’é QQ%ad
transfer ﬁ?@ﬁé More particul ar vention relates to anti - sway
control %@ and nmet hods for a payl*sae*under goi ng bothT/RGIYY8H: al
trolley and vertical hoisting notions. Background OF The | nvention
Gantry-style cranes are used extensiyfly for the transfer of containers in
port operation. Typically, a crane has two-inputs in the formof velocity
commands. These two vel ocity commands i ndependently control horizontal
trolley and PNEL-SHAYCIORTROL MR iFoGRANE UNDER |QRRRATORI S COMMMIDs wayi ng of
a payload at the end of the-transfer is one difficulty in acconplishing a
transfer movenment. Loading or unloading operations cannot be acconplished
when a payload is swaying. Presently, only an experienced operator can'
ef ficientlyFielid®f Ifhecdmvaintgiort o a swing-free stop. Qther operators
must wait for the sway to stop. Typically, the tinme spent waiting for the
“sway to stop, or s ihvesmitiemberel2d®s to _systems and methods for

controlling cable suspended, payload transfer systems.
More particularly,. this invention relates to aﬁti-sway
control systems and methods for a payload undergoing

20 both horizontal trolley and vertical hoisting motions.

Baékground 0Of The Inventidn

Gantry-style cranes'are used extensively for the
-t;ansfer Sf'containgrs in ﬁort oberation. Typically, a
crane has twé inputs in the form of velocity commands.
These two velocify commaﬁds independently control
horizontal trolley and vertical hoisting motions of a
payload. Undesirable swaying of a éayload at the end

) of the transfer is one-difficulty in accomplishing a
transfer movement. Loading or unloading operations
cannot be accomplished wher a payload is swaying.
Presently, only an experienced operator can efficiently
bring the container to a swing-free stop. Other
operators must wait for the sway to stop. Typically,

the time spent waiting for the sway to stop, or the
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WO 02/ 070388 PCT/ SG&2/ 00033 2 various maneuvers to fine position the |oad,

can take wup to one-third of the total transfer tine. Vari,ous,prio t
patents teach sway reduction systens. These patents relaggﬂ?ggﬁﬁ¥?8¢%nf
severa

aspects | oad transfer with reduced sway. For exanple
patents‘@é%‘%%ﬂé operation in autonomous. node where sysPERSGIH083, ¢
starting and ending positions of the payload t-0 generate the necessary

control signals to achieve the payl eag@ Lranérer. Q her non-aut ononous
systens attenpt to mnimze the anmount of payload sway while follow ng the
operator's commands for horizontal trolley and vertical hoisting notions.
Aut ononpus ¥§Eiens mapevversbte fdnesposdtivadthendioad)means tuker e
positions of a payload are well identified. In a typical port environment,
a cont ai ne¥Pstposherbhitdpefidséhentobalr erahs¥er rdwmeli oni ng of the ship
relative to the crane. Therefore, the position of the container is rarely:
preci sel y known. Vanieushpahognartopatshtsateash swagnesBustisae of
operation is preferred. The present invention relates to such
non- aut onondysteyst entheSevpatentef pebatestei deFgegentnagpbopangys modes

payload transfer with reduced sway. For example,. ‘

several patents describe operation in autonomous mode

where system uses the starting and ending positions of

the payload to generate the necessary control signals ji)

to achieve the payload transfer. Other non-autonomous )

systems attempt to‘minimize the amount of payload sway

while following the operator's commands for horizontal

trolley and vertical hoisting motions.

Autonomous systems are suitable for structured

environments where positions of a payload are well

identified. 1In a typical port environment, a

container’s position depends on the relative
Ay positioning of the ship relative to the crane. )

Therefore, the position of the container is rarely

precisely known. In such an environment, a non-

autonomous mode of operation is preferred. The preseﬁt

invention relates to such non-autonomous systems.

Several references disclose non-autonomous modes

of operation. Many of these references use a fixed-



of operation. Many of these references use a fixed 2 Septenber 2005 WO

02/ 070388 PCT/ SG02/ 00033 3 | ength pendul um nodel as the basis, far L r
sway reduction method and/or system Consequently, t hese% %F%‘i‘%é?géé do

not el i bat y when the cable I ength changes during horizontal notion.
Sever al %&&Fgﬁo&&gferences handl e the effect of changi ng VeFPFEA00p) e

| engt h by using approxi mati ons. The present invention uses the ful

dynam cal equation of a crane system3wthout approximation in order to
avoid error and to elimnate sway. In particular, the present invention
uses cancel | ati on acceleration for sway control. The conputation of a
cancel | at i bphailympendul vk ;madeks a3 the basbs for tthein|$walynani cal equation
of the crane nodel. This is particularly significant during sinultaneous
trol | ey anedussiommetdod /anesysiem. ofCensaquently, tthesagl e of sway
of the |load and the velocity of sway of the |oad are. shown as 0 and
respecti vestirategieshaloaoed] eldnimiod sway twhdn dthe scabld etemgbtio as X Al
control systens use the horizontal acceleration of the trolley as the

" control fahansyey . duidnge hdmwirdorore imaeichen er Bdwarak atilser terned t he

control. references handle the effect of changing vertical cable
.length by using approximations. The present invention
uses the full dynamical equation of a crane system
without approximation in order to avéid error ana to
eliminate sway. In particular, the present invention
uses cancellation acceleration for sway control. The
;omputation of a cancellation signal is exact as it is
paged‘op the full dynamical equation of the crane
model. This is particularly significant during |

simultaneous trolley and hoist motions. For the ease

of discussion, the angl.e of sway of tl';é load and the
velocity of sway of the load are shown as 6 and 4,
respectivgly, and the acceleration of the trolley is
referred to as #. All control éystems use the

horizontal acceleration of the trolley as the control
for sway. Hence, horizontal acceleration is also

termed the control.



2 Septenber 2005 , WO 02/070388 4 PCT/ SG02/ 00033 There are two genera

approaches for sway mnimzation. In first approach, the frol
accel eration is given in the form x=r+k, 9+k29 or sonet hi @ﬁﬂﬁ%ﬁ@poibfe

the valye r_is.a tinme function that depends on the desired notion of the
trol | ey VARHY®E of this approach introduces additional PGARGOHEBHt o t he
systemto control sway. The resultant system can be nmade to have any
desirable danping ratio and natural frequency using the appropriate
val ues of k and k2. Several referencés4aaopt this first approach. These

references differ in the profile of the notion dependent tinme function,
k, and

(2. are deter m MOEES| ALE rEv adNeETL FrBERathenatos RRkner . sway angl e
the orane. RePnE RIS, & fn ELOE oorSacly BrenEZehAsVang o vel ocity, ©
are used together with the input velocity demand fromthe operator, |d,
conput e t héEHkeRAtian gha gieen (ind the +kaomk e r + ki +k,5. oPat ent No.
something similar. . Here, the value r is a time

function that dépends on the desired motion of the

trolley. The use of this approach in£rodﬁces

additional damping into the system to control sway.

The resultant system can be made to hgve‘any desirable

damping ratio and natural frequency using the
appropriate values of k and #&,.

Sevéral.referencé; adopt this first approach.

These references diffe¥ in the profile of the motion
dependent time fﬁnction, r, and the specific procedure
by which values of the damping ratios, k, and &, are

determined. 1In the U.S. Patent 5,443,566 to Rushmer,
= sway angle and-éway angle'velocity are estimated using

a fixed-length cable model of the crane.

Estimates of the sway angle, 9, and the sway angle

velocity, é, are used together with.the inpuf velocity

demand from the operator, %,, to compute the control ~

.signal X=k(i,-i)+k@0+k8. In U.S. patent No.
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0 ID 2 Septenber 2005 WO 02/070388 PCT/ S&2/00033 -.5 5,490,601 to

Hei ssat et al., the control signal is z=k6+k29+k3(xd -x),._.Sets of 5 , k2,
and k3 are determ ned experinentally at various |engths FrSPiRMber 2003 The
exact values of k,, k2, and k3 for a particular cable length are

i nt er polP &YW m t hese experinental sets using gain scﬁgg’ﬁﬂ’ﬂﬂ’,"%r sone
form of fuzzy or neural network control. In US. Patent No. 5,878,896 to
Eudier et al., the speed demand send4 @ 4he trolley, i.s of the formid
=kJO+k20+k3(xd -x) where - Xd is the desired position of the trolley. The
values of k,, k2, and k3 are determ ned experinmentally. This first
approach car&f0e 01y dloy Hedgsadutets\ady., tHee N @AC s jighahaged on standard
mechani sm of feedback and is therefore robust agai nst nodel inaccuracies.

The oper At or AL ¢ Rt Fly 0P SRR & B sl o (R
oper at or_' S Q%%Eiﬁgne}ﬁeggﬁi(a&&eh%%l%t ia?:n v%frigtlzes' re?zlglt%% %%n tlbag
cable. The exact values of k,, k,, and k, for a
particular cable length are interpolated from these
experimental sets using gain scheduling, or some form

of fuzzy or neural network control. In U;S. Patent No.

. 5,878,896 to Eudier et al., the speed demand send to

the trolley is of the form X, =k,9+kzé+k3(xd—x) vhere
- X4 is the desired position of the trolley. The values |

o_f k,.,- k,, .and ky; are determined experimentally.

. This first approach (::an effectively damp out sway.

The approach is based on standard mechanism of feedback

and is therefore robust against model inaccuracies. The

main disadvantage of‘this approach is its lack of

intuitive control by the operator. As the trolley

ac;’:el_erati-on depends on 9,9 and the operator’s desired
velocity,. the motion of the ‘.trolley can be

unpredictable and counter-intuitive to the operator. As
a resu1‘t, several manuevers may be needed to bring the

system to a proper stop. As such, this first approach



unpredi ctabl e and counter-intuitive to the operator. As a result, several
manuevers may be needed to bring the systemto a proper st .
this first approach 2 Septenber 2005 WD 02/ 070388 6 PCT/Séd%%Bﬁ@%ﬁab@p

sui t abl unmanned crane in a structured environnment where payl oad
posi ti OMQ{/‘{,@% i dentified. A second approach is based SﬁT{Sﬁgz’W’?ﬁci pl e of
sway cancellation. This is the nmechani smused by nost human operators for
sway danpi ng. The basi.c idea of this #&proach for a fixed-1ength pendul um
is described in feedback Control Systenms, McGawH ||, New York, 1958, by
OJ. Smth. In a fixed-length pendulum the sway notion is a nearly -

si nusoi dal ifnEuitableofioni an unmansgdecopne, idefhi seduleyuwed gl | . Suppose
that a short uLse of horizontal acceleration is applied at tinme 1=0,
this pul se @RYLIIPREEBE wheneypaygloadapositdbnf isequehldyidentilfieds possible
to cancel this oscillation using a second short pul se of the sane
magni t ude and duBaseeendpppprdach isnbasednbw. thétprinthplapplfi cation of
the second pul se, the systemw || have no sway for the tinme thereafter.
Thi s net hodswaxneanceblabion e- plike isnthel mechansml LstHopyCABEEO!

r
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human operators for sway damping. The basic idea of
this approach for a fixed-length pendulum is described

in Feedback Control Systems, McGraw-Hill, New York,

Tf} 1358, by 0.J. Smith. In a fixed-length pendulum, the ' ,j

sway motion is a nearly sinusoidal time function with a
frequency ‘@, defined by w-—-\/gll . Suppose that a short

pulse of horizontal acceleration is apblied at time
t=0, this pulse will induce a sway oscillation of
frequency @. It is possible to c;ncel this
oscillation using a second short pulse of the same
magnitude and duration applied at time t=x/w. After
| the application of the second pulse; the system will
o have no sway for the time thereafter. This method, {D
known as double-pulse control orlcancellation control,
gives the shortest possible sgttlihg time for a
constant length cable. While this method is readily

applicable to a fixed-length penduluﬁ, extensions to



LY

gi ves the shortest possible settling tinme for a constant |ength cable

Wiile this nethod is readily applicable to a fixed-Iengt end ﬁh
ext ensi ons to 2 September 2005 WD 02/ 070388 PCT/ SG02/ 0003 ‘% 0 uns

W th van| |l e length extension are not easy. Severﬁé ences
t @@%@ cancel l ati on control gééﬁg

t each approach of
4,756,432 to. Kamashina et al., it appears that doubl e-pul se control |s

used in both the accel eration and deceHeratlon phases of the troIIey
notion. For a specified final trolley l'ocation, the timng and nmagnitude of

t hese pul ses are conputed based on a- flxed Iength pendul um One
doubl e- pul spengulead witBaglr9ingheapsechs o ecelerat ‘on phases.
r?h 5 ea F% 18h $g|§xggﬂg$%§t§ﬁF 98 ocity and

I n between these two phases, e"trol
does not swagsyln order for this nethod-to wor k, the operator nust provide

the fi'nal position of the trolley to accurately determ ne the timng and

Cabl e Iength i o conctant guetaaceyctEALHVERS BERSRRT bp¥Sachipn: o,
© 5,219,420 tcaKcelkatebnakbonttdl. In U.S. Patent No. 4, 756,432 to
Kawashima et al,, it appears that double-pulse control
is used in both the acceleration and deceleration
phases of the trolley motion. For a specified final
_— . trolley location, the timing and magnitude of these ‘
pbulses are computed based on a_fixed;length pendulum,
One double-pulse is used in each of the acceleration
and deceleration phases. 1In between these two phases,
the trolley travéls at constant velocity and does not '
‘sway. 1In order.for‘this method ‘to work, the operator
- must provide the final position of the trolley to
accurately determine the timing and magnitude of the

.pulses. This system works reasonably well when the

cable length is constant during. horizontal motion.

Ny

| In U.S. Patent No. 5,219,420 to Kiiski et al., it
appears that the sway angle is measured and a:best-fit
sinusoidal time function is made of the sway motion.
With this estimated sinusoidal function, a cancellation
pulse is generated to eliminate sway. The method

assumes the presence of only one sinusoidal frequency{



appears that the sway angle is nmeasured and a 'best fit sinusoidal tine

function is made of the sway notion. Wth this estimted, s q%ﬁ§0
function, a cancellation pulse is generated to elimnate % $@§k ﬂ%thod

assumes the presence of only one sinusoidal frequency. 2 Septenber 2005 ,
WO 02/ 0YIB8H078398CT/ SGD2/ 00033 As such, the nmethod is not PETSEB90933 f or .
systens which the cable Iength changes during horizontal notion of the
trolley. .In U S. Patent No.. 5,960, 969£;o Habi sohn, a _digital filter is
used for danplng oscillation. It appears that conponents of the input
signal close to the crane oscillation frequency are filtered off In

partioul ar Aiudcl{ ShRnRh 1 Dt MFRG DETAGE Haeddie gt s1 onal

and the |nput S|gnal del ayed by a one h

motion. Sevelhd ABIGRr er, 0 ear nblna ons of

i nput signals with g thlg?\]t cg\él?{g}s aﬁﬁxﬁﬁgao(}q_ﬁ%% 3'| ﬁ'ﬁﬁi als are
conput ed uSitp@ Egglggpstant | ength version of the crane equatlon. The

nmet hods in the abo e

for cancellationgnThes, patent No. 5,960,969 to Habisohn, a
digital filter is used for damping oscillation. It |
appears that components of the input signal close to

the crane oscillation frequency are filtered off. 1In

L

the input signal and the input signal delayed by a one-
half period of the load pendulum motion. Severai other
filter versions based on linear combinations of input
signals with different delays are used. These input
‘signals are computed using the constant length version
of the crane equation. |

The methods in the above references rely on
constant-length pendulum systems for cancellation. The
following references review pther attempts to extend
cancellation control to varying-length cable systems.

In U.S. Patent No. 5,785,191 to Feddema et al., an
impulse response filter and a proportional-ihtegral
controller is disclosed for the control of the crane

' under the operator's input. The. impulse filter based

on a digital implementation of an inverse dynamics idea

particular, the filtered output is a simple average of £

ferences rely on constant-length pendul um systens .

<rn,



followi ng references review other attenpts to extend cancellation control
to varying-length cable systens. In U S. Patent No. 5,785,191 to F ma et
al., an inpulse response filter and a proportional-integﬁ%.qﬁggm¥§g8§er i s
di scl osed for the control of the crane wunder the operator's input.

The. i npYQ 82470888, phased on a digital inplementation of PQHSFH%/&"%
dynam cs idea 0 2 Septenber 2005 WO 02/ 070388 PCT/ S&2/00033 - 9 is
commonly used in the study of controF $ystens. In ‘this case,” a feed
forward controller is used to cancel the dynam cs of the crane system and
to introduce user- defined dynamcs. In U S Patent No. 5,127,533 to

Vi rrkkumen, 8n CORORY: Us§dadBpthg ssuAyorfieongrodopyatemgne Aaving a

fixed-lengtE cable to a control design for a_crane having a

vari abl e-1 ehlBif £a5Pe BsigerdcFasward| consrolder keowsedhkp cApcedriod of

~oscil-lation of a Rendulun1 I's proportional to the square root of the
pendul um | ER§t AYneRd csep&r Eheecsnbas Sysiemaandntoollntrgdute uppgir-cabl e for

a crane having.,a fixed cable length, referred to as L,, can be used for

 the crane hg9%ﬁ§ed'dynamics-

In U.S. Patent No. 5,127,533 to Virrkkumen, an
attempt to adapt a control design for a crane having a
fixed-length cable to a control design for a crane

having a variable-length cable is disclosed. It is

RSN
A

well known that the period of oscillation of a pendulum
is proportional to the square root of the pendulum
length. The reference shows that a control signal

applicable for a crane having a fixed cable length,
referred to as L, can be used for the crane having
another cable length, referred to as ig, ﬁy a suitable
delay. For example, suppose the control signal is
based on a crane design for a fixed length, L, and the
ig control signal is applied at a first time, ¢4.

Virrkkumen teaches that the same effect can be achieved
on the crane having another'fixed length, L, when the

control signal is applied at time:

t,=t,*7Jz‘;



anot her cable length, referred to as L2, by a suitable delay. For exanple,

suppose the control signal is based on a crane design for X gt h,
L,, and the <control signal is applied at a first tine, 2§%anﬂ%%2b8§

t eaches sanme effect can be achieved on the cra not he
fixed Iéﬁg%ﬂ?%ﬁ , when the control signal is applied atqﬁ?ﬂgﬁh@&@g -~
t2 =1i 2 Septenber 2005 WO 02/070388 PCT/ S@2/00033 10 While the nethod of
Virrkkumen is -reasonable for two fixeg-Length penduluns, it is not
accurate for a single pendulum or a single crane, undergoing a change in
cable length. For exanple, the hoisting rate.of the cable affects the sway
angle, and this is not accounted for in Virrkkunmen. In addition, there is
the wuncertainty in the deternination of the second cable length, |I., as
the length whilee thaarerhdD B WUFHKImed HisNGea domisrd f6¥ iRt al notion.
In U S. Patent No. 5,526,946 to Overton, the basic sway control teaching *
s an ext engigBdofl eligeas permaiths, Vit iR aRheAt Kol 4 918 d1e

doubl e- pul se at the
pendulum, or a single crane, undergoing a change in

L4

cable length. For example, the hoisting rate of the

cable affects the sway angle, and this is not accounted

for in Virrkkumen. 1In addition, there is the

—ﬂﬁﬁ _ uncertainty in the determination of the second cable {3
léngth, L,, as the length may be changed continuously

during a typical horizontal motion.

In U.S. Patent No. 55526,946 to Overton, the basic
sway control teaching is an extension of Kawashima and
Virrkkumen. Instead of a fixed double-pulse at the
acceleration and deceleratiqn phases, Overton teaches
the use of double-pulse whenever there is a change in

the velocity input. For a sequence- of continuously

PR
£

changing velocity inpuf, two sequences of pulses are
generated. = The first sequence is synchronized with the
input velocity change. The secpnd sequence is also
generated and then.Storéd. The seéond sequence
corresponds to a second pulse 6f the double pulée
control method. Each of the signals in the second

sequence is applied to the horizontal acceleration of



accel eration and decel erati on phases, Overton teaches the use of

doubl e- pul se whenever there is a change in the velocity i
sequence of continuously changing velocity input, two segﬁgﬁ%ﬁg ﬁogﬁlses‘
ut velocity

are Q@ﬁ@b g The first sequence is synchronized with the |n?
change. V8%nd sequence is also generated and then BEXSE820008% second
sequence corresponds to a second pul se of the double pulse control

met hod. Each of the signals in the seco sequence is applied to the
hori zontal accel eration of 2 Septenber 05 WO 02/070388 - 11
PCT/ S&02/ 00033 the trolley at about one-half of. a pendulum period after

he £1 9ng oS nEEelLey SEMESEE, oREhERR 8ok Pendblin bREladd (or “sent ag

the timng of these si

trolley accgfesat VAL T gbl ey at roportional to the current

'l ength of the cabl%ﬂg né&wiﬁegﬁ Eeg eq ¢ tPEe¥ter cadapesentri es
S Aan adaptatlon of Virrkkumen,

f th QN
of the sequance: BEGnse a‘fc%ﬁspegger NG, 0% Khewe ohignabs doubl e

it suffers fronlslm 1°cT
" pul se contr | | atj on. Fbmeve t he present invention
P (ﬁhlg(¥353%a/§éaﬁ ficd' 19 processed ' (or sdnt as trolley

acceleration) at a variable rate proportional to the

current length of the cable. The shorter the cable

length, the faster the entries of the sequence are sent

S out. As Overton is an adaptation of Vierkkumen, it
suffers from similar deficiencies.

The present'invention uses double pulse control
for sway cancellation. However, the present inveetion
differs from the references above in several
signlflcant aspects. The present invention computes
the exact timing and magnitude of a second pulse using
the full dynamic equation of the crane system. The
application of this second pulse eliminates sway even

'f? during changing cable length.. This precise
cancellation pulse computation is crucial for proper
sway elimination. The present invention also ensures
that physical constraints, in the formn of acceleration
and velocity limits of the trolley, are never exceeded.

The present invention also includes a feedback



differs fromthe references above in several significant aspects. The

present invention conputes the exact timng and nagnitud f
pul se using the full dynam c equation of the crane syste?ﬁ? ﬁ@ﬂmra8&9

appl i caty his second pul se elim nates sway even changi ng
cabl e |éﬁ§?ﬂ9%¥ﬁis precise cancellation pul se conputatlgﬁhqgm@@ﬂg al for
proper sway elimnation. The present i nvention al so ensures that physical
constraints, in the form of accelerallpg -and velocity lim-ts of the

troll ey, are never exceeded. The present invention also includes a

f eedback 2 Septenber 2005 WO 02/070388 - 12 PCT/ SG02/ 00033 mechani sm-to
el i m nate smeghdndsho texedimdhater gty duéReWditha103d2ae, 0t her
external disturbances. Summary OF The I nvention An object of fhe present

i nvention i suth psowid 4oadoaRpdt etn&&nuxttlelmﬁlsmfs%‘ri:%cte@.e control of
sway in a crane. The present invention uses cancellation pul'ses for sway:
control. Sway is increnentally canceled after being induced by prior
commands for trolley acceleration. The tim ng and magni tude of these

cancel | at I ogupih 89S O&r €he' Tthieatisgnponents to the

An object of the present invention is to provide a
computer-controlled system for the control of sway in a
" crane. The present invention uses cancellation pulses
for sway control. Sway is incrementally canceled after ;D
being induced by prior cqmmands for trolley -
acceleration. The timing and magnitude of these
cancellation pulses are critical components to the
effectiveness of the present-anti-sway method. The
present invention also takes into éccount the full
dynamic effect of the varying cable length in the
computation of these cancellation signals.
Another object of the present invention is to
determine precise cancellation acceleration pulses. By £
using a family of ordinary differential equations, the )
precise cancellation acceleration pulses are
determined.
A further object of the present invention is the
operation of the anti-sway system and method within the

acceleration and velocity limits of the trolley drive.



effectiveness of the present anti-sway nethod. The present invention also

takes into account the full dynamc effect of the varyin abl e | hin
the conputation of these cancellation signals. Another o% ég{terﬁtferﬁﬂgg
present invention is to determ ne precise cancellation acceleration

pul ses. W02Q78388g a fanmily of ordinary differential equalfBHREIZMAB preci se
cancel | ation acceleration pulses are determined. A further object of the
present invention is the operation_oksthe anti-sway system and net hod
within the acceleration and velocity I'imts of the trolley drive 2 :
Sept enber 2005 WD 02/ 070388 PCT/ SG02/ 00033 - 13 system Sway control can

be adver selsysydhfct Wl YbntACE! QIR O b ARy W Alc o Qfdy Sat urati on

of the trolley-drive systemoccurs. The present” invention Includes a

syst em and JBid1etatd S SH G idE I YA Tve bty YU k1 I A Svay

»mechanismw thin these |limts. Yet another Object of the present invention

I's 10 prowrdnlay Aiive Wi e id . UdHe :ﬁr%%énﬁc QnvdrdiG@pPoration into
an existing crané system “The anti-sway controlller unit 1's connected
* between t_hanludes a system and method to ensure the proper ‘
functioning of the anti-sway mechanism within these
limits.
Yet another object of the present invention is to
N provide an anti-sway controller unit or kit for
incorporation into an existing crane system. The
anti-sway controller unit is connected between the
operatpr's velocity commands and the existing variable
speed controllers. This anti-sway’controller follows
an operator's input commands for both:horizontal
trolley travel and vertical payload hoisting. The
controller unit can be switched off; if so desired, to
restore manual operator control of the crane.

Still another object of the present invention is
residual sway elimination. Using sensory measurement
of the sway the present invention is further enhanced

‘by a feedback mechanism. This feedbéck mechanism

complements the anti-sway controller and eliminates

residual sway due to external factors.



operator's velocity commands and the existing variable speed controllers

This anti-sway controller follows an operator's input co%gs f or.
horizontal trolley travel and vertical -payl oad hoi sting Rshep

unit ca i.tched off, if so desired, to restore manual er at or
contr ol %B%ﬁﬁsé ane. Still another object of the pr esenthTfﬁng/P?‘Bi’n is
residual sway elimnation. Usi ng. sensory neasurenment . of the sway the

present invention is further enhanced jlgy -a feedback ‘mechani sm Thi s

f eedback nmechani sm conpl enments the anti-sway controller and elim nates
resi dual sway due to external-factors. 2 Septenber 2005 WD 02/070388 - 14

PCT/ S302/ 00033 St3%ilbtatdemighsctofof hehe Esaint MR, becone
readily apparent to those skilled in this art fromthe followng detail ed

descri pt i onPegameineadily epparshtentwdikesy i ey 'i'i‘xVQ:‘Hi'so%ff shown and
descri bed by way of illustration of the best node contenplated of carrying

out the i nvdRambtheafoliliowing detaliilendl, déétﬁ:ﬂpt\i%t' WhersipARAb! € of
nodi fications in various obvious respects, all w thout departing from the

i nvention. R¥ededinegl gmbblddmenawiory tal invention is shown and

described by way of illustration of the best mode

Ier

contemplated of carryin§ out the invention. As will be
realized, the invention is capable of modifications in

) various obvious respects, all without-departing- from 3
the invention. Accordingly, the drawing and | {
description are to be regarded as illustrative in

nature, and not as restrictive.

&



description are to be regarded as illustrative in nature, and not as

restrictive. 2 Septenber 2005 WO 02/ 070388 PCT/SGD2/0003§ 12 q%%gh

. Description O The Drawi ngs The present invention nay be A PLgm P3t 00d
with reference to the detail ed description in conjunction with the

fol l owi NP O¥YM8es: Fig. 1 is a diagramof a crane wi th BCHSG2449083

suspended froma trolley; Fig. 2 is a.graphical representation of an

operator's input signal as a piecemﬁééﬁidhstant accel eration signal; Fig.

3 is a block diagram show ng interconnected functional blocks of an

anti - sway ) . AleS g_b ack gl.gran1shomdng | nt er connect ed

functi onal o FSEeH Pescription O The Preferred

nbodi icf- V " f del, of
Cyotem 10 Jis sh e%%%ta Sé}g?%?n 16h b dhBSet fon iE S dRA T g h o st
* (not shomn)%igﬁ. égg%?a%én osgg dgtgfiegagescrlp n1a.cab|e 40. A sway

angle 8 is

conjunction with the following<figures:

Fig. 1 is a diagram of a crane with a payload
suspended from a trolley;

Fig. 2 is a graphical representation of an
operator's input signal as a piecewise constant
) acceleration signal;

Fig. 3 is a block diagram showing interconnected
functional blocks of an anti-sway system; and

Fig. 4. is a block diagram showing interconnected

functional blocks of an anti-sway system.

Description Of The Preferred Embodiments Of The

Invention
2 . Referring to Fig. 1, a model of a crane system 10
is shown. Crane system 10 includes a trolley 20 having
a hoist (not shown) to adjustably suspend a payload 30
from a cable 40. A sway angle 8 is created between
= the position of cable 40 at rest and the.position of

cable 40 during sway oscillation. A differential



the position of cable 40 at rest and the.position of cable 40 during sway

oscillation. Adifferential 2 Septenber 2005 WO 02/ 070388 2
PCT/ SG02/ 00033 equation describing the time evol ution of @H&’gﬂﬁvﬂ yie o .

for pay :)9(t) +2e(r)9(t) + g sin 9(r) = o(t
equation ?ﬂ?éﬁ&kt) and | (t) refer to the tine dependent¥%5ﬁgiﬂmﬁf)cable 40
and its derivative,. respectively, and z(t) refers to the trolley

_accel erati-on. At the tinme when the cr ge operation is first initiated,

the systemis at rest, i.e., 0(O= 9(0? ="0,x(0) = x"z(0) = 0,f(0) = 0,x(0)

= 0 . For the ease of presentation, these initial conditions are chosen.
erivation . for more .general set -of

I |
init:ZIaciﬁd | oNS, ggnce Pgﬂgh%gnlt &e & &W&%cgh& qﬂﬁ)SW%Yfajrly_ smal

I s possible. Follow ng the

t hr oughout n not.i.on ap roxi mation
standard ent{:;:‘\lr}l el%r%gﬂ%fﬁﬁ ]&(:lcb ming that sine(t) s e(t) and cos9(t)
=-1, an approxinmation is .Jmde. (T us, the equation of notion is

approxi mated by: e(t)e( #EE)+24 GXG(O)WW)"xmwse(t) (1)

In equation (1), £(f) and &f) refer to the time

dependent length of cable 40 and its derivative,

respectively, and () refers to the troliey

acceleration. At the time when the érane operation is -
first initiated, the system is at rest, i.e., 3
9(0)=é(0)=o,x(0)=x,,x(0)=o,t(0)=e,,23(0)=o. For the ease of
presentation, these initial conditions are chosen. It

is also possible to extend this derivation for a more

general set of initial conditions.

Since the magnitude of sway angle 6(r) i; fairly
small throughout the ensuing motion, an approximation
is possible. Following the standard engineering

i practice of assuming that sinf(t)=&(r) and cosér)=1, an ‘)
approximation is made. Thus, fhe equation of motion is
approximated by: '
UNO() +2K)O(r) + g8(r) = (1) (2)

with 6(0)=4(0)=0.



with 0(0)=8(0)=0. (1) (2) 2 Septenber 2005 WO 021070388 - 17

PCT/ S@Q02/ 00033 Now | ooking at Fig. 2, the conpensation sche e 5 on
representing the acceleration of trolley 20 at a given tmt?’ed‘?&aﬂé t he

sum of narrow pul ses of the form 41)9(17)p(t-17) (3) where the function
p(-) is HRPMPEBE pby: P(t)=0, 1<0(4a) p(t) = 1,t:5 0 <T(4bPCHEGPLEN83 2 T( Ac)
In one preferred enbodi rent of the invention, only a first pulse, 40)p(t),
is present. Wen the duration of the_aggeleration pulse T.is small, .the
sway angl e response to the pulse, synbolized as 89p(t), is determ ned by
the solution of the following differential. equation: (1) 6 9 (1) + 2t (t)

8 90 (1) + g 5Bo Mow ooking)a6, FEG0 ) theStbRPEhBaPioRUlSheme <1 (0)
depends on reépresenting the acceleration of trolley 20

at a given time, ¥1), as the sum of narrow pulses of

the form:

)= lZJ':‘(ﬂ)p(r-iT) (3)

.\';i W

where the function p() is defined by:.

p(n)=0, <0
p)=1, 1<0<T
p)=0, 12T

(4a)
(4b)
(4c)

In one preferred embodiment of the invention,

only a first pulse, X0)p(r), is present. When the

duration of the acceleration pulse T .is small, the

is determined by the solution of: the following
differential equation:
4160, (1) + 20(1)86, (1) + 258, (1) =0
56,(0)=0, '

50-0 ©0)= strength of pulse - T.%(0)
£0) £(0)

Sway angle response to the pulse, symbol:i-zed as 86,(n),

(5)



(5) 2 Septenber 2005 WO 02/070388 PCT/ SG02/00033 18 If all of the

accel eration pulses are present, the response to an arbitrar ccC ation
of trolley 20 at a given time, x(1), in equation (3) is: 20?".[’}/35‘%{‘9{%‘? =17) .
(6) Here, the function 1(t-i7) =1, when t>IT; and the function 1(t-iT)=0,
ot her wi 3¥0 037903885\\ay angl e response, 80, (1), is defined BFISEOINMII (1) +
21(1)80, (1)+-980,(1) =0, 80,(r'T) =0, ~ (1) =T z(iTj 1(17") Note that
sway angle 0(t), as conputed in equatil®~6), depends on the linearity of
differential equation (2). Mdeling errors introduced by the

approxi mations of sin O(t) and cosO(1l), as sine(s) -=0(1) and cosd(t) =1,
respectivel £ @bh of the raceakeratinn pulsesiavepIesents Erwn bel ow Ve
now consi der an expression for generating a cancellation signal to counter
the ef fect ¥@Spomsetatan arbitrary acceleration of trolley 20 at

a given time, (), in equation (3) is:
6(r) =" 56(1)- Wt —iT) ~(6)
' .

Here, the function 1(t-iT) =-1, when t>iT; and the
function 1(t~-iT)=0, otherwise. Bach SWa}} angle
response, &0,(f), is defined by:

£(1)56,(1) + 2186, (1) + 256,(1) = O,

86,(1)=0, (7)
_I-3GT)
) 50,(1)= T

Note that sway angle 6(r), as computed in equation (6),

depends on the linearity of differential equation (2}).

Modeling errors introduced by the approximations of
sin@(F) and cosd(r), as sinf()=0@) and cosf({)=1,

, respectively, can be corrected using a transformation

P ‘-‘r:‘-._l
Xy

as shown below.
We now consider an e;cpression for generating a
cancellation signal to counter the effect of the first

pulse, ¥(0)p(f). In solving the linear time-varying

differential equation (7) for i=0 let fo be the first



pul se, z(0)p(1l). In solving the linear tinme-varying (7) differential
equation (7) for i= Olet To be the first 2 Septenber Zooae%V\f O%e/gé 88
. PCT/ S®2/ 00033 19 time after t = 0 where the sway angle BT (t) ,
beconmes _zero, i.e. 800()= 0 . At time to, there is a corresponding velocity
MAO) - MPHYSE correction pul se, xo(t), is applied at PE proqog} a
duration of T. xc(t)=_a eo(to) T '__1,01%0_) .P(t) X0 It is evident that
after the application of this correctton pul se, xo(t), both the sway angle,
890(t), and the sway angle velocity, 590(i), are close to zero. The error
of approxi mati on _can be reduced i’lo essentifl I¥ zero by 8‘ oQsing T

suffici ent E¥mendfker fR@WhakrenthcS¥aYaRg18nl HEPOBSHas Urred, S9o(t)
is essentially zero for tkNto. The determnation of to and a9o() is
acconpl i shgdcottesnge2s, Oidenavy, @)= 01 eAti einkqip) i tlef sol ver for
~equation (7). Since equation (73 Is a tine-varying system this solver acts

in real time using sensory i nfor%ti of the tine dependent |ength of
cabl e 40 corresponding velocity 0(?:3. Suppose a correction

pulse, x;(f), is applied at time fo for a duration of
T:

s g g 8
Jao(fo)Tlo(fo).p(t) . (8)

x(1)=
It is evident that after the application of this
correction pulse, x(f), both the sway angle, 58,(f), and
the §waj angle velocity, Séo(f), are close to zero.
. 'The error of approximation can be reduced to

essentially zero By choosing T sufficiently small.

Thus, when the correction pulse has occurred, 6,(f) is
essentially zero for t2f,.

The determination of 7, and &6,(f,) is accomplished
using an Ordinary Differential Equation (OQE)' solver
for equation (7). Since. equation (7) is a t:@me—varying
system, this sdlve_r acts in real time using éensory

information of the time dependent length of cable 40

and its derivati(re, £¢t) and £(f), respectively.



and its derivative, (t) and fi(t), respectively. (8) 2 Septenber 2005 WO

02/ 070388 - 20 PCT/ SGD2/ 00033 Dependi ng on the choice of tzg sol ver20 ed,
it may be necessary to measure the time dependent | ength20tPEIHEL and .
interval s than T,

its deri ' f(t) and 1(t), respectively, on smaller
e.g., atwqh#/¥ﬁ)3§§d at i T+T/ 2. The discussion above is foPGIREROPEE Hy| se
at tinme t=0. Now looking at Fig. 3, the overall response of an anti-sway

system 50 is a sunmation of sway angke2Qresponse, 89, (1), over the entire
interval, i, as showmn in equation (6). A new ODE solver is created at the

begi nning of each discrete tine period, t=iT. This ODE solver is carried in
the anti-swlgprepsiag 0 tbe ahoilenpfitlid soiveeedrdd, .i& maytd the sway
angl e response is zero, 50,(1)=0,, at 1=1,. Wen 1, and 89,() are

det er m ned, nelfessaryetoi mrapulree the darimld eitptindent 1RetHA\GE | sanpl e
time, i.e., at t=JT where j is the smallest j such that jT ,~t, . After

1=]T , useqof andNgtkt BePPFaBINVEE" 4H fa%fd“mt,e?ésé@c%&%&%,f%@ Ly of
smaller intervals than T, e.qg., at f=iT and at

ir+T/2.

The discussion above is for the fifst pulse at

time ¢=0.

Now looking at Fig. 3, the overall response of an
anti_—-sway system 50 is a summation of sway angle
response, d86(), over the entire interval, i, as shown
in equation (6). A new ODE solver is created at the
‘beginning of each discrefe time period, ¢=iT. This
ODE solver is carried in i:he anti-sway system 50 for as

long as it is needed, i.e., until the sway angle
response is zero, 86(f)=0, at f=f. When I, and 84,(F)

are determined, the correction pulse is applied at the

N
&

next available sample time, i.é., at 1=jT where j is
the smallest j such that JT2f. After t=JT, use of

the ith ODE solver is terminated. An entire family of
ODE solvers'._:is kept in action as real time evolves. |

This multiple, real-time solution of differential



ODE sol vers,is kept in action as real time evolves. This multiple,

real -time solution of differential 2 Septenber 2005 WO 0 §7038ﬁ

. PCT/ SGD2/ 00033 - 21 equations allows system 50 to handl e, empsr A0y
accurate way, the effect of sway created by operator conmands for
time-vay® éhﬁﬁﬁﬁzontal trolley position and vertical cBETSGOY8H. Stil

| ooking at FIG 3, a preferred enbodi ngnt of anti-sway system 50 bl ock
diagramis shown. An anti- .sway contrdi ["er 60 inplenents the nmultiple ODE
system wusing the.system descri bed above. Anti-sway controller 60 has two

LBﬁé’éﬁdaQSC%@fﬁ%é’%%pﬁi%J "Sufbe ”C$@a#3ufear8¢f%e} 3#3‘3 2 ML crent i gnal
of cable Ie 40 and a va ive_of cable.l.ength 40, 1([) and

1 (1), respe%gfg ‘ﬁ/ Ya¥e ok fé?v% S‘gﬂﬁs‘fﬁeai PA DY RREPEY the ODE
sol ver. The

| the equi vacf nmga ¥ gi‘ﬁgﬁ"vwgﬁ ngg Iz‘gé accg%;rat%#&lﬁnal ou?but S
o ey e fEp S8ygagected (o 3 prodictlon maule 56 and
and feedback nnq¥tfif lggﬁigésggsﬁﬁg pfl a preferred embodiment of
anti-sway system 50 bloqk diagram is shown. An anti-

.sway controller 60 implements the multiplé ODE system

using the system desqribed above. Anti-sway controller

 ' 60 has two inputs and three outputs. The principal

input is an adjusted operator’s command acceleration,

@,y . Another input providing a measurement signal of

cable length 40 arnd a time derivative of cable length

40, £(f) and &), respectively, is received from a
sensor 70 as needed for the ODE solver. The principal

output is a cancellation acceleration signal, a., the

equivalent of correction pulse, i

in equation (8).

‘i} Two other outputs from anti-sway controller 60 are
connected to a prediction module 80 and a feedback

~module 90, respectively. The functions of prediction
module 80 and feedback module 90 are discussed beiow.

A pair of saturation and filter components 100,

105 each filter the high frequency componehts of an



A pair of saturation and filter conmponents 100, 105 each filter the high

frequency conponents of an 2 Septenber 2005 WO 02/070388 R /g 2/98& 3 -22
operator’s command horizontal trolley and vertical hoist 4¥PGERRS ut
signal s, Vox &see Fig. 3) and VOL (see Fig. 4), respectively. The input

si gnal s W 82070388 yved from a pair of joysticks (not shomﬁF.T’S%%(?Wét i on and
filter conponents 100, 105 also set Eﬁe_n&xinun1allomable velocities of the
horizontal trolley and the vertical “fioi st notions, respectively. Referring
now to FIG 4, saturation .and filter 105 also converts the vertical.

vl eIy e Ol Bl PR I a1 The cable
20ain At Makst Vel ot o i Ve VEREVELET Pl 288 ra0 O 10
nccount 1 otseq gl yed SRR e THE MM Tl BIT 7L 18 110
gle?rgngog?/;ﬁtgs%jw% Yﬁerl,o?lg;,; ypéjfgagg’jgygticﬁgtﬁxo€9§ﬁ&§fm-nd' ng accel eration
Saturation and filter components 100, 105 also set the
maximum allowable velocities of the horizontal trolley
and the vertical hoist motions, respectiveiy.
--.\ ) Referring now to FIG. 4, saturation and filter 105

also converts the vertical velocity input, Vo, into a QD

cable velocity demand signal, Zdw The cable velocity

‘demand signal, !, is then sent to a velocity

controller 107 of the éxisting crane system for the
‘hoisting drive system of the cable.
Looking again at FIG. 3, a filter component 110 is

shown. Filter component 110 reduces a velocity demand

signal, referred to as V., by one-half to account for

’/\.‘
e’

the delayed effect of the cancellation éignal,'a,.' i,
Filter 110'a150 converts the velocity demand, V., into
corresponding acceleration demand signgls, an,;'by‘
differentiation. The velocity demand signal, v., hgs

two components, a filtered operator's command velocity,



differentiation. The velocity demand signal, v", , has two conponents, a
filtered operator's command velocity, 2 Septenber 2005 WO 02/ 070388

PCT/ SG02/ 00033 - 23 referred to as vv, and a conpensati orf 3Gp§Haber 208§ er r ed
to as vggg . The conpensation signal conponent, v,,,,,, IS needed to
compens HAYYPIBhe di screpancy between the desired vel ocPEYSEH2/00p8
operator's command velocity, v,, and,g velocity output signal, referred to
as v,. This discrepancy arises fromfPhd action ‘of anti-sway controller

60. The overall anti-sway system 50 output is the velocity output signal,

v,, and is sent to an existing velocity controller. 112 fgr tha drive
syst em of neferned|te @ Y:  ABNGULYGOMAEHFALLIOD S10Bal e reRREEREl sum

shown as 115, of three signals! the adjusted operator's conmand

accel erat iy a3 ate, therganeshbahsfPioACELHRE R cOMponaity) . va,, dsd the
- external factor “®duction acceleration, a,. The acceleration signal, a,4,

results fromghe ,operator’'s Corgmn T I i C ration signal,
-q., cancé\ Cg?/éfooi%od%ceéﬁ a[%;a pri o%ha%fhﬁisﬁéé%%o%%eérﬁgjggﬁse%@o%nd
- accelerat Id%nsiax@ed'd vTe fod )%tyerorl‘althfea%tp%réte&mst ' hmand velocity,

v,, and a velocity output signal, referred to as v,.

‘ This discrepancy arises from the action of -anti-sway
controller 60.

.;"."')'. The overall anti-sway system 50 output is the
velocity output signal, v,, and is sent to an existing
veiocity controller 112 for the 'drive system of the
trolley 20. An output signal, Vor is the integral sum,
shown as 115, of three signals: the adjusted

operator's command acceleration, a,;, the cancellation
acceleration signal, a., aﬂd the .external factor
reduction .accéleration, a,. The acceleration signal,
a,5, results from the operator's command. The
qancellation acceleration signal, a,, cancels sway

induced by prior adjusted operator‘'s command

acceleration a,;. The external factor reduction



2 Septenber 2005 WD 02/070388 PCT/ S&02/ 00033 -24 acceleration signal, a,

reduces sway due to external factors such as w nd | oad. tem
50 fails to operate properly if the input demand, v"f, tgpéﬂ%mg@%gﬁﬁf

*exceedsyhly ggiocity or acceleration limts on troIIeyP% G@ uration
07 . : : 5

controller ?3@ unctions as a velocity and acceleration (h% 2/‘)‘?‘)g‘ahandle
this situation. Controller 120 enforces the velocity' and accel eration

limts, v. and a. , respectively, Ofké% IIey 20. These limts are usually
known, or can be easily estimted it IS necessary to ensure that
lvo(t)~ S v, and Jvo(tA 5a at all times., Since the signals for-the

adj ust ed operat celerati the acceleration cancellatlon

and t he extgfﬁagef E%BP sﬁgaagflgh'aEEanFﬁtﬁﬁﬁy due tg exipapnal

respectlvel are piecewi se constant and change only at the sanple tinme
U it foIIo%BCtﬁaﬁ shehvabowing doagut, v,(t), is piecewi se |linear.and
continuous. This is useful for the deS|gn of the saturation controller
120. Conti nui ng AbtioékaﬁtSYsgem3$Osﬁam1attonopemateoptepeEPQ iEcei ves the

followi ng input signals: O
the input demand, Vs to the system ‘exceeds the

velocity or acceleration limits on trolley 20. A
saturation controller 120 functions as a velocity and
acceleration limit %o handle this situation.

Controller 120 enforces the velocity and acceleration
limits, v,, and a,, respectively, of trolley 20,

These limits are usually khown, or can be easily

estimated. Hence, it is necessary to ensure that

. l'v,,'(t)ls vm;.a;nd [%@| s @, at all times. Since the signals
for the adjusted operator's command acceleration, the
acceleration cancellation, and the external factor
reduction acceleration, Qy: G, and'a;, respectively,‘
are piecewise constant and change only at the sample
time kT, it follows that the velocity output, v,(f), is

piecewise linear and continuous. This is useful for the
design of the saturation controller 120.
Cpnt;nuing to look at Fig. 3, saturation

controller 120 receives the following input signals:



2 Septenmber 2005 WO 02/ 070388 PCT/ SG02/ 00033 - 25 the accel eration demand

reference signal, a,,, the cancellation acceleration si ggaé a,., 2@8 t he
external factor reduction accel eration feedback signal, & >cPtesahei Pt on

controller 120 produces the adjusted operator's conmand accel eration, ate
as an oYQ0070388gnal . The basic idea is to let: and to chREBSE0/MI3Yal ue of
a constraint factor, referred to as A as close to 1 as possi bl e subject

to the-acceleration and velocity cons2%afnt linits. The acceleration and
vel ocity constraints can be stated as: la, + a, tAa,,,, ( < a. ,va +T(a,

a, + Aa,r 1:5 v, The output velocity variable vo refers to the out put

vel ocity, vthealcaeperation Hemandsweferaancepbkdnal), a itket he rest of
the variables are all signals at a current time U These two constraints

O S RIS e g Bushi o o bR BT
factor reduction acceleration feedback signal, a,.
Saturation controller 120 produces the adjusted
operator's command acceleration, 4,5, as an output
signél. The basic idea is to let:

Aoy = A0, (2)
and to choose the value of a constraint factor,

referred to as A, as close to 1 as possible subject to
the acceleration and velocity constraint limits. The

acceleration and velocity constraints can be stated as:
a.+a,+a, (<a,.. . Iv;+T(a,+a,+1a,4)15vm . -(10)
The output velocity variable v, refers to the output

velocity, Vv,, at a previous time, such as v, (kT -T),
wHile-the rest of the variables are all ‘signals at a
current time £7. These two constraints can be

equivalently stated as:

WX {0 s (Y, ~ Vo )/ T} L @, +a, + A,y Smin{a,,, ,(-V; +v,, )/ T}  (11)

+



PCT/ S&02/ 00033 The objective is to find an optinmal constraint factor,
referred to as A ,, which is the optimal A for the foII02£ %&?ﬁtigié tion
problem Min" A -1~ subject to the constraints of equatio § §_h§iﬁ t he .
optinization problemis for a single variable subject to two constraints,
t he opt i‘ﬁﬁl"z’ﬁg’ﬂg”trai nt factor, A g, can be easily conputP&I/SGIR@B0GRaCt
expression for the adjusted operator's command accel eration, any, can be
shown to be: a" -a, - at if a, Za. A9 =Am, =ar -a. - a . if a,qSal
a", otherwi se where a" =min{a,, } and a max -a T Again |looking at FIG 3,
predi ction.-nodel 80 and the connections. of the prediction: nodel velocity
change conpriendh$egbdve ¥Y¥.to ffﬁﬁeséhnaﬁﬁgmﬁfleShEYr?inEhfacggkgC'ty’
Ignal, v re -

out put Zignal, v., and thedvelocity conpe?satlon S v _ I 0
S L SR AR AR BB 25l Y onel v

following optimization problem:

Min |1 -1
subject to the constraints of equation (11). Since the
optimization‘problem is for a single variable subject
¥f3 - to two constraints, the optimal constraint factor, At
T r
can be easily computed. The exact expression for the &D

adjusted operator's command acceleration, a,, can be

shown to be:

i a,-a,-a, ifay2a,
a,,,‘-:l,a,d: a,—a.=a, . fay=<a, ' (12)
Qe otherwise
. -V, +v -V, -
where a, =min{a,,,- "T ==} and a, =max{-a__, V'Tv"""}-.

Again looking at FIG. 3, prediction model 80 and

£ )
[y
N

the connections of the predictiqn;modgl velocity change

component signal, v,, the estimated velocity of the
velocity output signal, v,, and the velocity
compensation signal, Yomp ¢ are arranged to create a

steady-state value of the output velocity signal, v,,



-27 equal to the steady-state value of the filtered operator's velocity

command, v=. In other words, the systemvelocity output, v S
. responsive to the filtered operator's velocity conmmand, é%$ﬂ%ﬂ%“¥&89§ of
prediction nodule 80 is the entire collection of ODEs residing in

anti - swayOOHMIB# 1 er 60 at the current time. A bold arr AETISGIR0e03S | - sway
controller 60 to prediction nodel 80 displays this relationship. The

out put of prediction nodule 80 is the grediction nodel velocity change
conmponent signal, vp,,,. The value of prediction nodel velocity change
conponent, v.,,, is the predicted-change in the velocity output signal,
v,, when alequ#l tte thestremty-ataignalue of theOIAd tdfredant | - sway
controller 60 have been sent out. The conputation of prediction nodel

vel ocity chajjrateamPRRINociMy conrmarifS o, . bednbglpr RoRResethRere are M
*ODEs in anti-sway controller 60 at the cufrent tine of t= KT and they are

represented as ,a _coll.ection of state vectors -[80,(kT) 89, (k7)] for

Prediction Tt Wl ordymoltant, the HéngerPonsdxs Eostheemai ns
“unchanged after the current tinme, t=kT. The 2 Septenber 2005 WO 02/ 070388 -

28 _ filtered operator's velocity command, v,. The input of

prediction module 80 is ;he entire collection of ODEs
residing in anti-sway controller 60 at the current

- time. A bold arrow from anti;sway controller 60 to
0 prediction model 80 displays this relationship. The-

output of prediction module 80 is the prediction model

¢

velocity change component signal, Vo - The value of
prediction-model.velocity change component, Vome is the

predicted change in the velocity output signal, v,,

when all of the compensation signals in the ODEs of
anti-sway controller 60 have been sent out. The

computation of prediction model velocity change

i}“ component, v, , is described below. Suppose there are
M ODEs in antifswéy controller 60 at the current time
of t=kT and they are represented as a collection of
state vectors {86,(kT) &6,(kT)] for i=l,..,M. Prediction
moddle 80 assumes tﬂat the length of cable 40 remains

unchanged after the current time, f=kT. The



oy ..

PCT/ SG02/ 00033 prediction nodel correction acceleration signal, 211, is

then conputed. For exanple, let us consider the case of
possible to integrate fromthe current time, 1= kT, V\nth%#piter{’iﬂ?qr?pos ‘

condition [50, (H) 6,9(kT)j until the corresponding time, |,, using the CDE

sol ver . WO 828W##8espondi ng prediction nodel correction ac RETSGANAS s | gnal ,
jr, can then be conputed using equation (8). Prediction nodule 80

corrput es each of the M ODEs. and then ¢gnputes a sWndation of the
conpensati ng accel erati ons. The out put™f or the predi ction nodel velocity
change corrponent V,, _, iIs: A _ (1) =T Ezr() representing

addi tional futu | oci demand - plue to t%‘: anti - sway cont;.ol | er 60.
Addi ti onal | yP* (ﬁt ]at‘?ﬁr%eq%’r%’?lﬂﬁce eteny slgRadnd Heoones zero,

the cable length remains constant thereafter. Thus, the constant cable
| ength assukptihen wwemputed.he Fordixamphe rokiet 8o isidr dfied ih the
final phase of the transfer notion. This is all that is needed to
elimnate taxadeadf sisaly. (IB)iR epstibhbertd0htegrate from the

current time, {=iT, with an initial condition
[50,(1:7’) J,é(kT)] until the corresponding time, 7, using
the ODE solver. The corresponding brediction model

Y . correction acceleration signal, %", can then be
computed using equation (8) . Prediction module 80
6omputes each of the M ODEs. and tﬁen computes a
summation of the compensating accelerations. The
output for the prediction model velocity change
component, v,-, is:
v,,.(t)eT-f:f,""(?}) (13)
1
representing additional futux;e velocity demand.due tto
*  the anti-sway controller 60.
Additionally, when the operator’s ho.ist‘:ing
velocity command becomes zero, the cable length remains
constant thereafter. Thus, the constant cable length
ass.umptioh used in the prediction module 80 is
satisfied in the final phase of the transfer motion.

This is all that is needed to eliminate terminal sway.



WO 02/ 070388 PCT/ S&2/ 00033 - 29 1In the above conputation, the prediction

nodul e correction acceleration signal, z;, is conputed usj the %)5
sol'ver. Assuming a constant |ength of cable 40, an energ? Q%ﬁ%%ﬁ‘éﬁ nor e

‘ conputational efficient to conpute the prediction nodule correction
accel er YP8HOWHhal , xP' '. When the length of cable 40 PEHEEHROWIthanged,

the crane 10 is a pendulumwith constant total energy in a conservative
system Again, suppose the initial g%%gi tion is [SB,(kT) S9,(kT)] at a
time, t = kT , the total energy is 2 9, (k7 )2 +ngl(1-cos(50, (k7))) ..
Hence, the sway angl e response velocity, 54(7), can be shown as: . (S9, (kT)2

+29(1-cosS9, (KT))iIn tisé ngbg@él-a&@h%’]t@%'t B'q,’,ec%%eeﬁ&ndi ng [215 ﬁ% (r:E)imon

nodul e correction_accel eration sign

equation (8).\ A7) =1(kT) . The estimted_yelocity signal, v., is the
_estimted. ve o%:él]‘fé/i%%t ?ei‘?/’f?tm#iaﬂqa]tchexfént dise €ompugedi using

controller are sent_out. The velocity output estimted velocity signal,
vp, -is.confdtedR t$P¥vey. 2 Axpmimigora 280Gtant length of cable

40, an energy approach is more computational efficient

to compute the prediction module correction

acceleration signal, ¥™. When the length of cable 40

remains unchanged, the crane 10 is a pendulum with

AT

= constant total energy in a conservative system. Again,
suppose the initial condition is [6'9,(k7’) 59,(1(7‘ )] at a
time, t=iT', the total energy is

l . . . .-
-2-m£56’, (k1)? +mgl(1-cos(56,(kT))) .  Hence, the sway angle

response velocity, 6‘9,(?:), cat-x be shown as:
98,(1) = (56,(KT)? +2g(1~ cos 86, (kT)))™ 14
Using equation (14), the corresponding prediction
module correction acceleration signal, ¥™, can be
computed from equation (8). with t(?) =.£(kT).
The estimated velocity signal, v,, is the
.estix_n‘ated.velocity output, v,, when all the entries in

anti-sway controller 60 are sent out. The velocity

output estimated velocity signal, ¥,, is compared with



WO 02/ 070388 PCT/ S&2/ 00033 - 30 the operator's conmmand trolley velocity

signal, v,, to determ ne the conpensation velocity, vim _Jhe co tion
velocity, v,., represents the discrepancy between the des? %Hmvﬂgggﬁgy .

signal, Y he future value of velocity output sig he
conpensa %’%B%égf ocity, v.,,, is added to the filtered o%ghﬁdé?fﬂg0§%omnd
vel acity .command, v,, to conpute the velocity demand, v,,f , such that
v,,,f =v: +v . The configuration of~aB0i ~sway system 50 using the various
conponents descri bed above is sufficient to cancel sway induced by the
operator's comuands in both horizontal and vertical velocity i.nput

'signals, VibheamperdBor 'sespmiand lttol Iy veadcitso gnanduged py external
factors, such as-wi'nd load or lateral inpact forces on the payload during

| oadi ng and; i.ng However , ti-swgy ntroller 60 using the
cancelIatioﬁﬂﬁ%gﬁﬁggstgﬁdcgygﬁgﬁﬁgggerW%gﬁcigﬂke'@@es nR€el i ni nate sway
caused by external factors. A feedback nmodule 90 is provided to elimnate

sway due tocempensaltibacvelscigny )arfﬁp&éééﬁt§rﬁﬂafH&@é%HHéﬁgy”rﬁty

between the paraneters of the nodel "and the actual physical 'system 2

Sept enber 28%%ween the desired velocity signal, v,, and the future

value of velocity output signal, V,. The compensation

velocity, V., ., is added to the filtered operator’s

‘Q_:_.': ;

'command velocity command, v,, to compute the velocity
demand, Yor+ such that Ve = VxF Voo

The configuration of anti-sway system 50 using the
various components described above is sufficient to
cancel sway induced by the operator's commands in both
horizontal and vertical velocity input signals, Vo and
Vor, reépectively. Sway can also be induced by
external factors, such as wind ioad or lateral impact
€ forces on the payload during loading ;nd unloading. i)
'HOWever, anti-swa& controller 60 using the cancellation
methods apd system described ébove does noﬁ éliminate.
sway caused by.external factors. A feedback module 90
is provided to eliminate sway due to external factors
and sway resulting from any nonconformity between the

parameters of the model and the actual physical system.



WO 02/ 070388 PCT/ S&2/ 00033 -- 31 Feedback nodul e 90 uses as input a sway

angle error signal and a sway angle error velocity, repr nted b and
+9,, respectively. The sway angle. and sway angl e vel oci tyiseﬁipi?nd%qrégi?s, 0,

and 9" uted fromthe expressions 9,(1)=9"(t)-9(1 nd

~, (t):6'%{’§f%@??§} where 0" and 6" represent the sway angT Tt tr/qons sway
vel ocity of the physical crane as neasured by an appropriate sensor,
respectively. An exanple of a sensor tfyat. nmeasur.es sway angl e and sway

angle velocity is the infrared beacon system SIRRAH offered by G AT
I ndustries, from Toul ouse, France. 0(1) and 0(1l) represent the 'sway angle

and sway vel ocit yFeefib&eRnRod@le 96 PeSsés VES Yinpias o4l %S)} t}ﬁ}ggjel of crane
10 in anti-sway contral l.er 60. The nodel sway angle, 1S conmputed fromthe

famly - of GFsobnshghalsdid acamy dbgle GrrdbrieRi@aysel v, suppose there
are M ODEs in anti-sway controller 60" at the current tine, . 1= kT, with

each ODE hayvy tee.vgetar, of 1S9i (kT) ,04(kT)J, The sway angle, An,
~and the-smyf%ée%‘?%%‘gr&éog‘s% cézrof&?&@c)ﬁé’()ag&%ozl ghe3sway angle
and sway angle velocity error signals, '0, and é,, are

computed from the expressions 0,(t)=8,,(t)—é(t) and

9,(1).=é_(t)-5(l) where 68, and é,. represent the sway

) angle and the sway velocity of the physical crane as
measured by an appropriate sensor, respectively., BAn

" example of a sensor that measures sway angle and sway

angle velocity is the infrared beacon system SIRRAH

offered by GIAT Industries, from Toulouse, France.

50) and 5@) represent the sway angle and sway velocity
of crane 10, respectively, bésed on the model of crane
;0 in anti-sway controller 60. The model sway angle,
g 8, is computed from the family of ODEs in anti-sway
controller 60. More precisely, suppose there are M
ODEs in anti-sway controller 60 at the current time,

t=kT', with each ODE having the state vector of

[50,(1:7’) 50',(&.7')]. The sway angle, é(t), and the swa_;/



- 32 velocity, O(t), based on the nodel are respectively given by: B(kT)
_ ~asl (kT), w~ 9(kT) = E691 (kT). Hence, the sway angle agn city
of payload 30 caused by factors other than the operator'gzgﬁﬁ%€%3§8Q ‘ .

represeg&&ﬁaﬁﬁbgi and 6,, are elimnated by feedback nodul e 90. Feedback
nodul e P8 es a feedback external factor reductionP&dBSGOYPE3 o,

signal, a,. Feedback <control I|aw converts the external factor sway angle
and the external factor sway angle welggidy, O, and -respectively, to an
extended factor reduction acceleration, represented as a.. This conversion
can be acconplished in several ways. In the preferred enbodinent, a

sinpl e controi Iag isé%éed. A person havin% ordinary skill-in the art of
control, or VPePStEY: &W@Q¢i hased amatheamodeladier yespectivedy this contro

(15a) (15b) | aw .using various techni ques. One choice for such a control
| aw i s: given by: .
. & (15a)
O(kT) =y 58,(kT),
!

A Mo,
O(kT) = zl:ﬁﬁ,(kT). (15b)

Hence, the sway angle and sway velocity of payload 30

caused by factors other than the operator's command, as

w;

represented byﬂ¢ and 4,, are eliminated by feedback
module 90.

Feedback module 90 generates a feedback éxternal
féétqr reduction aqcelééaéion‘signal, a,. Feedback
control law éonverts the éxternal factor sway angle and
the external factor swéy angle velocity, 6, and é,, :
respectively, to an'extendgd factor reduction

acceleration, represented as a,. This conversion can

be accomplished in several ways. In the preferred
embodiment; a simple control law is used. A person
having ordinary skill in the art of control, or related
d%scipline, can easily modify or replace this control
law using various techniques. .One choice for such a

control law is:



2 Septenber 2005 WD 02/070388 PCT/ SG02/ 00033 33 a, For an appropriate
choice of k,, this control law w Il danp out sway induceq%gé)ex eéﬂ@%
factors. If the effect of the external factors is |arge, teIY R, ation
signal, a,, may cause the trolley to oscillate. Therefore, it is advisable
to |im WQeOT0OI8gni t ude of the acceleration signal, a,. PEI/&GOYVI0EI3

nodi fication of the preferred emnbodinent, the trigononetric-approximations
t hat have been made in going fron1th§ orlglnal system representation of
equation (1) to the approximate repré&%entation of equation (2) are.

consi dered. These approxinmations can be elinmnated if the follomnng
transformation is.substituted into equation (1): x(t) 1(t) + g(sin, 9t
0(t)) cos9(t) Then 1(t)9(1) +2t(t¥fe (1) = u(t) and there areuh
trigononetric approximations. Clearly, equation (18) has the sane

. structure @or equaipproprd)dtenidioidd )of ak, ! Mhils RdntrolThs: Wiha above
devel opnent of correction pul ses applies dlrectly by

damp out sway induced by external factors. If the

effect of the external factors is large, the
acceleration signal, a,, may cause the trolley to

oscillate. Therefore, it is advisable to limit the

N A

magnitude of the acceleration signal, a,.

In another-modification of the preferred-
embodiment, the trigonometriC'approximations that have
been made in going from the original system
representation of equation (1) to the approximate

zfepresentation of equation (2) are considered. These
approximations can be éliminated'if the following

transformation is substitutgd into equation (1):

(1) = EO)+ 26 60) - 60) (17)
o coso(r)
% Then
t(t)é(t)+22(r)o'(z)+go(x)=a7(z) (18)

and there are no trigonometric approximations.

Clearly, equatlon (18) has the same structure as
equation (2) with #() as the input.- Thus, the above

development of correction pulses applies directly by



(16) .(17) (18) 2 Septenmber 2005 WO 02/070388 - 34 PCT/ S&2/ 00033
replacing 3(t) in equation (2) by the new input u(t). The Jimt on t new
input Wt), has the formlu(tk 5 a" where the transfornatr%%qﬁ?Bg?é¥@gion
limt, ate, is determned fromequation (17) by requiring that the

cancel | VPOYOHBB%E| er ati on does not exceed the accel er at iRSIT/$G02100033i . e.
~c(!)~ S a, for all expected values of the sway angle 0. For reasonable
variations of the sway angle 0O the Lrggsiornation acceleration |imt, a.,
is only slightly less than the acceleration limt, a. Corrections to.other
model i ng errors can also be. inplenented. Suppose, that the left side of
equation ( i : «AN sad i r ,danpi ng ter,m of . formc9(t)+
f{9(t)) . i# }?@&%%g tigr'%%gg?fq%g i r(?glu?g‘& 9‘53‘7’ ;}Qgé’ltvté‘;tt anpi ng devi ces
or as part of the control law Then, the termc(Q(t) is added to the right
side of eqfhei ddmik) oanttheheeweinput{ J(t), las adreddra Ilzf(t)ls @gunerator in
equation (17). Then, this enbodinment is . -

where the transformation acceleration limit, a_,. is

determined from equation (17) by requiring that the

cancellation acceleration does not exceed the
acceleration limit, i.e. [¥()|<a,., for all expected

e values of the sway angle #. For reasonable variations

of the sway angle @ the transformation acceleration
limit, 4_,, is only slightly less than the

acceleration limit, a_ .-

-

C6rrectiqns to other mo'deiing érrors c.:an also be:
implemented. Suppése, that the left side of equation
(1) includes an added nonlinear damping term of the.
form cl(t) + F6®). This damping term can be introduced
by passive dampiné devices or as part of. the control

law. Then, the term cf(f) is added to the right side

of equation (2) and the term ~f) is added to the
numerator in equation (17). Then, this embodiment is

similaxr to the preferred embodiment as shown above with



simlar to the preferred enbodi mrent as shown above with 2 Septenber 2005 WO

02/ 070388 PCT/ S&02/ 00033 - 35 the exception that the nonljnear dag?ing
,termcA9, (t) is added to the right side of equation (7). ZrhePleRPEHRENt as

descri bed above is easily nodified to control a crane having nultiple

hoi sti ngVOOBT%E att ached to the payl oad. There are sevePST/SGEY/80033f doi ng
this. One way is 'to change the formof the differential equation to agree
with the dynamics of the nultiple-cabl3s system Another is to repreésent
the dynamics of a.nultiple-cable systemw th the dynam cs of'an equi val ent

singl e-cabl e systemusing an appropriate |l ength of the cable. The
equi val ent |Emytencept ben uskat fthe tﬁtﬂmlm&éf-&ﬂ@éﬁ@y@éﬁﬁnﬁdﬁﬁpdf on the
anal ytitar?

arrangement of the cables'. It can be obtained either ! y or via
Gesirbea anove o ades SR e R G I T e by
Chee The et S A PR A Y sk S0 2 e
invention capdiTid® ¥ ftdol a crane having multiple hoisting

cables attached to the payload. There are several ways

of doing this. One wa& is to change the form of the
differential equation to agree with the dynamics of the
multiple-cable system. Another is to represent the

Qynamics of a multiple-cable system wiéh the dynamics
‘ of an equivalent single-cable system using an

appropriate length of the cable. The eéquivalent length

to be used for the multi-cable system depends on the
arrangement of the cables. It can be obtained either
analytically or via a calibration process on, an actual

crane. |

A preferred embodiment described above includes a

feedback module 90 to handle sway induced by external
disturbances. 1If the operating envirénment'df a crane

is such that the externai disturbances- are négligible,

or highly predictable, the invention can be implemented
without the feedback module 90 and the associated sway

sensor 125,



wi t hout the feedback nodul e 90 and the associ ated sway sensor 125. 2
Sept enber 2005 . WD 02/070388 - 36 Cains: Wiat is Cained,ls:
PCT/ SG02/ 00033 1. A system for eliminating sway of a payl catFPEIRFZNERd: by
a cable attached to a hoist froma trolley, the position of said payload
bei ng vaVOOYAT®BE and horizontal |y adjustable, said syst AEVSEROMNDg neans
for receiving or for generating an operator's hoist velocity input signal
for vertical adjustment of said paylLogg and including nmeans for genérating
an operator's trolley velocity input signal for horizontal translation of
sai d payl oad suspended by said cable, said systemconprising: neans for .
gener ati ng #laiof:ust ed operator's conmand accel eration signal fromsaid
operator's trolley velocity input signal; neans for generating a

cancel | at i oWhadc el e AAdigded Siggnal using the length of said cable, the. tine
derivative of the length of said cable, and said adjusted operator's .

command accel eration signal ;.
1. A system for eliminating sway of a payload
suspended by a cable attached to a hoist from a
trolley, the position of said payload being vertically
" and horizontally adjustable, said system including
Qf) means for receiving or for generating an operator’s ia
hoist velocity input signal for vertical adjhstment of T
said payload and including means for generating an
operator’s trolley velocity input signal for horizontal
translation of said payloéd suspended by'said cable,
'said system comprising:
means for generating an adjusted operator’s
command acceleration signal from said operator’s
trolley velocity input signal; |

means for generating a cancellation acceleration

7
¢ 4

signal hsing the length of said.éable, the time
derivative of the length of said cable, and said
adjusted operator’s command.acceleration signal;.

means for generating an external factor reduction
acceleration signal using a measured sway angle of said

payloaq, a measured sway velocity of said payload, a



means for generating an external factor reduction acceleration signal

usi,ng a neasured sway angle of said payload, a neasured s vel o ihg of
- said payload, a 0 2 September 2005 WD 02/ 070388 PCT/ SGD2/ mbey 2005 e

sway an i d payl oad and a nodel sway velocity of said payl oad;
nmeans fg&gggﬁgigting a velocity output signal based on Eﬁ?ﬁcﬁﬁT%§1ed
operator's command signal, said cancellation acceleration signal and said

external factor reduction accel eratiro@kignal ; neans for sending said
velocity output signal to a neans for controlling the velocity of said

trolley; an s.for predicting velocity change by generating a velocity
change’ si gng'f‘g% Bh %‘%ﬂ?l%ﬁt It paylpadiand on madisl sway ect i on
accel eration si lﬁ%fﬁﬁgr(gg said anti-sway controller, conparing said
vel ocity ch‘é‘%g‘gc’s'b B4 R2WIRAdei ty output signal, generating a
“velocity conpensation signal from said conparison, and factoring said
vel ocity conpensiS%# fsq%br%ﬁnqlfﬁ@%iaj ‘euttpudl |sdyynadl oci ty i nput
si gnal . s a4
. based on said adjusted operator's command signal, said
cancellation acceleration signal and said external |
factor reduction acceleration' signal;
means for sending said velocity output signal to a
means for controllipg the velocity of said trolley; and
means for predicting velocity change by generating
a velocity change signal based on a collection of
prediction model correction acceleration signals, from
said anti-sway controller, comparing said velocity
change signal to said velocity output signal,
generating a velocity compensation signal from said
comparison, and factoring said veiécity compéensation

signal into said operator’s trolley velocity input

3 signal .

2. The system of claim 1 wherein said means for
generating a cancellation acceleration signal further
comprises means for determining the length of said

- cable.



2. The systemof claim1 wherein said neans for generating a cancellation
accel eration signal further conprises neans for determ ni t he | h of
said cable. 2 Septenber 2005 WO 02/ 070388 PCT/ SG02/ 00033 zng‘??éen?%ﬁrez%é ' .
systemof claim2. wherein said neans for generating a cancellation
accel er WOOHOWIBthal further conprises nmeans for gener at PEF/SE02AM32 | engt h
signal fromsaid deternmination of the |length of said cable. 4. The system
of claim 3 wherein said neans for genggating a cancellation acceleration
signal further conprises neans for determining the tine derivative of the
| ength of said cable. 5. The -systemof claim4 wherein saird neans for
generating a cancd| afhensysirem evfatdlaimi 2rwerdedr hefid aENd S&$r Means for
generating a cable velocity signal fromsaid determ nation of the tine
derivative cjeneratingid ecdrevedilatich akse Eerdtelom s il fasireei n said
means for generating a cancellation acceleration signal further conprises.
means for recewwEhges aehrsmfor IgEghtatiimgna cabid d<RHE 4Rl ty signal
and said adjusted operator's

from said determination of the length of said cable.

4. The system of claim 3 wherein said means for

generating a cancellation acceleration signal further

g

comprises means for determining the time derivative of fa

the length of said cable.

5. The system of claim 4 wherein said means for
generating a cancellation acqelefation signal further
Comprises means for generating a cable velocity signal
from said determination of the time derivative of said

cable length. -

3 6. The system of claim 5 wherein said means for )
generating a cancellation acceleration signal further
comprises means for receiving said cablé length signal,
said cable velocity signal and said adjﬁsted operator’s
command-acceleration signal in an anti-sway controller

to generate said cancellation acceleration signal.



command accel eration signal in an anti-sway controller to generate said
cancel |l ati on accel eration signal. 2 Septenber 2005 WO 02/ 0y

. PCT/ SG02/ 00033 - 39 7. The systemof claim1 wherein sai %%ﬁembe%ﬂoos
generating an external factor-reduction acceleration signal further

conpr i sS¥ORBHI8E or neasuring a sway angle of said payl BeE/SGE2000BE syst em
of claim?7 wherein said neans for generating an external factor reduction
accel eration signal further conprlsés3§eans for generating a neasured sway
angl e si gnal fron1said measured sway angl e; 9 The system of claim8

wherein said means enerati n ext factor reductlon .

accel eration si gn'al Q#}Eﬁgﬂésr r&ir? %(%"Wm]: qrcﬁ'l megns oy  velocity
of said payl pad. The s a|n19 ereji n sai d_neans for

gener ati ng ﬁ?rﬁ&%‘?’rféﬂ %@Y’éﬁm@ﬁu Yt qroRcegleralt iomr t her
.conprises neagns f.or eratin neasured way velocity signal fromsaid
rreggured swaﬁji l?{?}l Eor >;neasura.ngya sg:ay

angle of said payload.

8. The system of claim 7 wherein said means for
generating an external factor reduction acceleration
:;\ signal further comprises means for generatiﬁg a
measured sway angle signal from said measured sway

angle;

9. The system of claim 8 wherein said means for
generaéing an external factor reduction acceleration
signal further comprises means for measuring a sway

velocity of said payload.

"y . 10. The system of claim 9 wherein said means for
generating an ekternal_facpo; reduction acceleration
signal further comprises means for generating a
measured - sway velocity signal from sgid measured sway

velocity.



WO 02/ 070388 PCT/ S&2/ 00033 -40 11. The system of claim 10 wherein said
nmeans for generating an external factor reduction acceler %iqn Sgﬂﬂ%'
further conprises nmeans for generating a nodel sway signa FRe QFr '
anti-sway controller. 12. The systemof claim 11 wherein said neans for
gener at iwiQ 02/07088& er nal factor reduction' acceleration siPgTHGIROOEBEr
conpri ses neans for generating a nodel sway velocity signal in said.
anti-sway controller. 13: The system_of,,cl.ai m 12 wherein said neans for
generating an external factor reduction acceleration signal further
conpri ses nmeans for receiving said nodel sway angle signal fromsaid

ant - sway control{gr IMhe dystERNSE Ofafif! 6 \Phe s SODA" Rhand4eofNe

system of ¢laim 13 wherein sa means for ~generating an external factor

reduction acq@h&rati 'aﬁiéﬁﬁgrﬂéitf%?%éangaﬁgéigﬁagé %gérégf lving said

nodel sway Vel ocity Signa rom sai I -sway contro Imto said

external swey; Goni r Phr EREF Sconpr i€ Wing OPor VEAGE I PRE 8 Guoaét

PCUSG02/ 00033
sway signal in said anti-sway controller.

12. The system of claim 11 wherein said means for
generating an external factor reduction acceleration
signal further comprises means for generating a model {3

sway velocity signal in said anti-sway controller.

13. The system of claim 12 wherein said means for
generating an external fqﬁtor reduction acceleration
signal further comprises means for reéeiving said model
sway angle signal from said anti-sway controller into a

means for external sway control.

14. The system of claim 13 wherein said means for | )
generating an éxternal fadtor reduction acceleration
signal furtherlcompriées means for receiving said model
sway velocity signal from said anti-sway controller

into said external sway control means.



15. The. system of claim 14 wherein said nmeans for generating an external

factor reduction acceleration signal further conprises nea for receiving
. said neasured sway angle signal into said external sway ggﬁ?Wﬁpeﬁggﬁs.

16. The system of claim 15 wherein said neans for generating an external
fact or ﬂ@éﬂ&@ﬂﬁﬂ‘acceleration signal further conprises REAMHEORB033 ecei vi ng
said neasured sway velocity signal into said ext.ernal sway control neans.
17. The systemof claim 1.6 wherein saiglineans for generating an external
factor reduction acceleration -signal further conprises nmeans for )
generating said external factor reduction acceleration signal based on_

said nodel sway ahdte $hgnaYstemidfnndeﬁmSWGYwMékéihtgaiﬁiﬁ§§hsT§8§sured
sway angl e signal_and said neasured sway vel ocity signal. : € system

of claim1l véieheratingdanecextetnal gesebat rBauatY6hoskEY1 QYL PYhy S gnal
“further conprises neans for receiving said adjusted operator™S command 2

Sept enber 20@%9"&1)IEItH@@SGoﬁﬁElEEE2h89ﬁ33for4§ecéi95ﬁ§1s£ cel lation
acceleration signal and said external factor reduction™acce eration

"signal. -+ Measured sway angle signal into said external sway

control means.

16. The system of claim 15 wherein said means for
4;3 generating an external factor reduction acceleration
signal further comprises means for receiving said

measured sway velocity signal into said external sway

control means.

17. The system of claim 16 whérein said means for
generating an extern#l-factor reduction aéceleration
signal further comprises means.for generating said

- external factor reduction acceleration signal based on
gﬁﬁ said model sway angle signal, said moael sway velocity
signal, mgasufed-sway angle signal and said measﬁred

sway velocity signal.

18. The system of claim 1 whefein said means for
- generating a velocity output signal further comprises

means for receiving said adjusted operator’s command



19. The systemof claim1l further conprising a neans for filtering said
operator's trolley velocity input signal to set a maxi num al |l owabl e
velocity of said trolley and said maxi num al | owabl e vel oc? S§PtEMPeR3003g
means generating a velocity demand signal. 20. The systemof claim1

furt her WOAHIT0388g~a neans for filtering said operator' PCKSGHR/08038 ocity

I nQut signal.to set., a maxi num al | owabl e vel ocity .off said hoist, said hoist
vel ocity-input signal filtering neans4@emrerating a cable velocity denmand
signal, and’ said cable velocity demand sighal is sent to a hoisting
controller. 21. The systemof Claim1 further conprising neans for
filtering sa3tERibr fdHcellzbionjageederation pignal gﬂnﬂ? $addli fferentiating
said operation's trolley velocity input signal with respect to time to
.conpute a ref@ERe RAt@emedeet ieynaccelrrdtiomesignyal ¢ educi ng t he
magni t ude of said referenceaccel eration 2 Septenber 2005 WO 02/ 070388

PCT/ S22/ 00033 -- 43 signal by one-half to account for the delayed effect

of the cancellation acceleration signal. 22. The systemof claim-19
further conprisif. The system of claim 1 further comprising a

means for filtering said operator’s trolley velocity
input signal to set a maximum allowable velocity of
said trolley and said maximum allowable velocity

5¥9 ' filtering means generating a velocity demand signal.

20. The system of claim 1 further comprising:a
means for filtering said operator’s hoist velocity
input signél_to set a maximhm allowable velécity of

" said hoist, said hoist velocitf-input signal filtering
means generating a cable vglocity demand signal, and
said cable velocity demand signal is sent to a hoisting

controller.

| 21. The system of c¢laim 1 further comprising
means for filtering said operator’s trolley vélocity
input signal by differentiating said operation’s
trolley velocity input signal with respect to time to
compute a reference acceleration signal and further by

reducing the magnitude of said referenceacceleration



means for filtering said velocity demand signal by differentiating said

vel ocity demand signal with respect to tine to conpute a
. referenceaccel eration signal and further by reducing the ARGRCIPEEZH t he
sai d ref bS5 accel eration signal by one-half to account for the del ayed
ef f ect 0é‘@%cellatlon accel eration signal. 23. The PEFSGAHWB3cl aim 1
further conpr|5|ng means for saturation control of said adjusted
operator's comuand accel eration signal. 434, The system_of claim 22 further
conprising neans for saturation control of said adjusted operator's
command accel eration, wherein said saturation control means receives said

vel ocity demmignadi @Wabneshbdfetbe%&%bd%%CEBE ﬁguaéiggeacgfkgégt' n

signal. and said cancel | ati on accel eration signa nera

adj ust ed. opthat eaneeloyrand a@%@lle&aw% sig Pte”ber 2005 WO 02/070388 -
44 PCT/ SQ2/ 00033 25. The system of cl a|n12 erein said cable -1ength
determ ning neans is a sensor. 26. The systemof claim4 wherein said cable

“length tinme derivative means is a sensor
22. The system of claim 19 further comprising

means for filtering said velocity demand signal by
. differentiating said velocity demand signal with
| respgct to time to compute a referenceacceleration
L) signal and further by reducing the magnitude of the
said reference acceleration signal by_one-ﬁalf to
account for the delayed effect of the cancellation -

acceleration signal.

23. The system of claim 1 further comprising
" means for saturation control of said adjusted

operator’s command acceleration signal.

#5) 24. The system of claim 22 furthér comprising
~means for saturation control of said édjusted
operator’s command acceleration, wherein said
saturation control means'receives said velocity demand
signal, said external factor reduction acceleration
. signal and said cancellation acceleration signal to

generate said adjusted operator’s command acceleratioh.



27. The systemof claim7 wherein said sway angl e neasuring neans is a
sensor. 28. The system of claim 27 wherein said sensor is i nfrared
beacon system SIRRAH. 29. The systemof claim9 wherein s%gng§¢QT Socity
neasuriQﬁ means is a sensor. 30. The system of claim 29 wherein said sensor
is an i"MPPHIEB%each system SIRRAH. 31. The system of cIPETHGE2M983 ei n sai d
cancel | ati on accel eration signal is generated based on a famly of
ordinary differential equations. 2 Sepfgenber 2005 WO 02/ 070388

PCT/ S&02/ 00033 - 45 32. The systemof claim 21 wherein said nodel sway
angl e signal is generated based on a famly of ordinary differential
equations. 33. The system of claim 21 wherein said nodel sway velocity
signal is generated based on a famly of ordinary differential equations.
34. The system o25¢| dle 2dystmmedsi alabhl cwhereinf sai@dishign model
correction acceleration signals are generated based on a famly of

ordi nary di¥engntdetemuyiraingpnseans is a sensor.

26. The sys;em of claim 4 wherein said cable

length time derivative means is a sensor.

;;ﬁ 27. The system of claim 7 wherein said sway angle

measuring means is a sensor.

28, The system of claim 27 wherein said sensor is

an infrared beacon system SIRRAH.

29. The system of claim 9 wherein said vay

velocity measuring means is a sensor.

[
L

30. The system of claim 29 wherein said sensor is

ra
W

an infrared beach system SIRRAH.

31. The system of claim 1 wherein said
cancellation acceleration signal is éenerated based on

a family of ordinary differential equations,



35'. A systemfor elimnating sway of a payload suspended by a cable

attached to a hoist froma trolley, the position of said | 0 I ng
vertically and horizontally adjustable, said systemi ncl uﬁgé/fﬁer%ﬂggﬁggf or

generating an operator's hoist velocity input signal for vertical

adj ust mY@ 02070388 d payl oad and i ncludi ng nmeans for genePatT/SGER/@N33
operator's trolley- velocity input signal for horizontal translation of
sai d payl oad suspended by said cable,. $ d system conprising: 2 Septenber
2005 WO 02/ 070388 PCT/ SG02/ 00033 -- 46 neans for generati'ng an adjusted
operator#s conmmand accel eration signal-.fromsaid operator's trolley

vel ocity input si32al;Theaspstat gENCIadn " KA WHR '?ef#&%@&&f' eration
signal in an-anti-sway controller, wherein said cancellation acceleration

i I sMa i : ' f L Di the | th
si gnal gener pnamlgebmssi:gnmllsgg%)e.@@f&@edm N fefﬁﬂaﬂfg% e leng

.of said nmeans for generating a cable | ength signal roms eterm nation
of the | engtdrdinaesy diffesntial equations.

33. The system of claim 21 wherein said model
sway velocity signal is generated based on a family of

ordinary differential equations,

34. The system of claim 21 wherein a collection
of prediction model correction écceleration éignals are
generated based on a family of ordinary differefz.tial

equations.

35. A system for eliminating sway of.§ payload

suspended by a cable attached to ;.hoist from a

trolley, the position of said payload being vertically
fﬁ? and horizontally adjustable, said system including
means for generating an operator’s hoist veiocity.input
signal for vertical adjustment of said payloa& and
including'méans-for generating an operator’s trolley
velocity input signal for horizontal translation 6f

said payload suspended by said cable, said system

comprising:



means for determning. the time derivative of the length of said cable;

means for generating a cable velocity signal fromsaid deternigﬁtion of
the time derivative of said cable Iength; and neans for rec&pemag <85y

cable length signal, said cable velocity signal and said adjusted
oper at orWQ 02/¢ nd accel eration signal in said anti-swaPCI660280038r to

generate sai-d cancell ation .acceleration signal based on a famly of
ordinary differential equations; 2 Sepgewber 2005 WO 02/ 070388
PCT/ S&02/ 00033 - 47 neans for generating an external factor reduction
acceleration signal in a-neans for controlling external sway, said
external factor rmeandifor agersmtdinorarnsiagiflstgehomstaroraans conpri si ng:
means for measuring a sway angl e of said payl oad; neans for generating a
measur ed swayommwEd@ acdiejreatatiiroymssizimh Irefrsom exhishvaypearst ¢y’ sreans for
measuring a sway velocity of said payl oad;
. trolley velocity input signal;
means for generating a cancellation acceleration
signal in an anti~sway controller, wherein said
cancellation acceleration signal generation means
comprises:
() means for determining the length of said O
cable; . -
means for generating a cable length signal
from said determination of the length of said cable;
means for determining the time derivative of
the length of said cable;
means .for generating a cable velocity signal
from said determination of the time derivative of said
cable length; and
) means for receiving said cable length signal, )
said cable vglocity signal and said adjusted operator's-
command acceleration signal in said anti-sway
controller to generate said céncellation acceleration

"signal based on a family of ordinary differential

equations;



means for generating a neasured sway velocity signal from said neasured
sway velocity; neans for generating a nodel sway signal in, _said anti-sway

.con¥roller; means for generating a nodel sway vel ocity si%ﬁgﬂmPHmQQWé .
anti-sway controller; neans for receiving said nodel sway angle signal
from saiOAMPT08ay controller into said external sway ®ET(SGIROMSANS:
means for receiving said nodel sway velocity signal fromsaid anti-sway
controller into said external sway Ttohirol neans; 2 Septenber 2005 WO

02/ 070388 - 48 PCT/ S&2/ 00033 neans for receiving said nmeasured sway angle
signal into said:external sway control neans; neans for receiving said
nmeasur ed sway v@PBB?t%°§igﬁQPrPH%BQSQPde§£§§ﬂﬁ&Ifsw&yrcnedmotionans; and
nmeans for gener tin%,said,external factor -reduction acceleration signal
based on sa?ﬁcﬁgﬂﬁﬁ iQBySigRaleinj graeansafarncastrobdingetxetyasi gnal ,

* measur ed syay angle si gnal apd _sai d nmeasured sway velocity
sway, 5aid external factor reduction acceleration

-signal generation means comprising:

means for measuring a sway angle of said

payléad:
‘ means for generating a measured sway angle
) signal from said measured sway angle;
- means for measuring a sway velocity of said
payload;

means for generating a measured sway velocity
signai from said measured sway velocity;

means for generating a model sway signal in
said anti-sway controller; '

means for generating a model sway velocity
signal in said anti-sway controller;

w3 means for receiving said model sway angle

signal from said anti-sway controller into said
external sway control means;

means for receiving said model sway velocity
s%gnal from said anti-sway controller into said

external sway control means;



si gnal ;
gener at

means for generating a velocity output signal in a means for
i ng velocity output, said velocity output signal generation
Septergber 2005

conprises: means for receiving said adjusted operator's

accel er
si gnal ;
si gnal ;

for generating velocity output based on,.s
accel eration signal, 2 Septenber 2005 W6QJ

aﬁgﬁﬁ/%kgnal; means for receiving said cancellation_ acceleration
JAQ7BY receiving said external factor reductiBRT/8ERM0833%¢ i on
and .neans for generating a velocity output signal in said neans

ai d adjusted operator's command
2/ 070388 PCT/ S@2/ 00033 - 49

said cancel l ation accel eration. signal and said external factor reduction

accel eration. signal; msff)érsf@gé:{\giﬁ&isga v&lﬂg%égrgg';g@%%f;%fén;rom

said neans for generating velocity ou

velocity of tdigsal did¢e! ; égﬁ s.for predicting velocity change in a
f or pri%cti ng veléoéé?/(%y chanys 4% ‘8@?%‘&9#}“ e prediction .

neans

: conprlsyng.. means for receiving said measured sway

velocity signal into said external sway control means;
- and
means for generating-said'éxternal factor
" reduction acceleration signal based on said model sway
angle signal, said model sway velocity signal, measured
sway angle signal and said measured sway velocity
signal;
means for generating a velocity output signal in a
means for generating velocity oufput,-said velocity
output signal generation comptisesi
means for receiving said adjusted operator’s
command acceleration signal;
means for receiving said cancellation
acceleration signal;
means for receiving said extérnal factor
reduction acceleration signal; and
,mean§ for generating a velocity output signal
in said means for generating velocity output based on

said adjusted operator’s command acceleration signal,




means for generating a collection of prediction nodel correction

acceleration signals in said anti-sway controller; .:neaqf for geqfrgting
. a velocity change signal wusing said collection of predict SFPUFHBeN 200
correction acceleration. signals of said anti-sway controller; neans for
conpar i NYOLIOW3FE| ocity change signal to said vel ocity RETEE20PAal

means for generating a velocity conpensation signal from said conparison;

and neans for factoring said velocity. ggmensation signal into said’

operator's trolley velocity input signal. 2 Septenber 2005 WO 02/ 070388 -
50 PCT/SGDZ/OQ&SS O 36. A nethod for elininating sway of a payl oad
suspended by saidbtancellatiiecth tatde TSt idh ¢ 3 Ysaid'G OSiﬁéilq of
sai d-payl oad being vertically and horizonta adf%ééiﬁﬁ%él%é%?f hod
i ncl udi ng rnﬁautdnnrqﬁﬂbﬂiﬁﬂl&td§1é¥§¥fﬁﬁ”'f§n g st velocity input signal
.for vertical adjustment of said payload and Jhcl‘'udi ng means for generating
an operator's trolnesns for sending said velocity output signal from
said means for generating velocity output to a means -
for controlling velocity of the said trolley; and
means for predicting velocity change in a means
for predicting velocity change, said velocity change
o) prediction comprising:
means for génerating a collection of
prediction model correction acceleration signals in
said anti-sway controller;
-:means for generating a.velocity. change signal
using said collection of prediction model correction
acceleration signals of said anti-sway controller;
means for comparing said velocity change
signal to said velocity output signal; |
v means for generating a velocity compensation
signal from said comparison; and N .
‘means for factoring said velocity

compensation signal into said operator’s trolley

velocity input signal.



velocity input signal for horizontal translation of said payl oad suspended

by said cable, said nethod conprising., generating an adjusted operator's
conmand accel eration signal fromsaid operator's trolley 29€P6BEIEY2G08put
usi ng the | ength. of

si gnal ggquﬁﬁ' a cancell ation accel eration signa
sai d cabl e,6 gﬂ’?i me. derivative of the length of said caBfa/SGaxe00ddi d
adj usted operator's command accel eration signal; generating an external

factor reduction acceleration signal .uggg a neasured sway angle of said
payl oad, a neasured sway velocity of said payload, a nodel sway angle of
sai d payl oad and a podel sway 'velocity of said payload; 0 2 Septenber 2005
WO 02/ 070388 - 51 36. p@y/meainid 0bss eghhﬁiﬁatmlgasv)/gr*ogftg ﬁ &r‘dsi gnal
based on said adjusted operator's command accel eration sig ?, Sai d

cancel | ati on S¥éRanded iton asicaidle anckastied exé & N1 $ECEQL, Tgduct i on
accel eration signal; -
trolley, the position of said payload being vertically
and horizontally adjustable, said method including
means for generating an operator’s hoist velocity inpﬁt
signal for vertical adjustment of said payload aﬁd
| including mmeans for generating an operator’s trolley
\ velocity input signal for horizontal tfanslation of
said payload suspended by said cable, said method -
comprisiné:
generating an adjusted operator’s command
a?celgration signal from said operator’s trolley
velocity input éignal:i
| generating a cancellatioq acceleration signal
using the length.of said cable, the time. derivative of
the length of said cable, and séid adjusted operator’s

o command acceleration signal;

generating an external factor reduction
acceleration signal using a measured sway angle of said
Payload, a measured sway velocity of said payload, a
model sway angle of said payload and a model sway

velocity of said payload; - :



sending said velocity output signal to a neans for controlling the
velocity of the said trolley; and predicting velocity chapge by.generating
-a velocity change signal based on a collection of predictggﬁpﬁﬁﬂﬁﬁzoos
correctiwgln@(iP gjlsgr ation signals from said controller, conparing said

vel ocity 3 ignal to.said velocity output signal, RGCEPGR208¢33a
velocity conpensation signal fromsaid conparison, and factoring said

vel ocity conpensation signal into. sai %rolley vel ocity input signal. 37.
The method of claim 36 wherein said canhcellation acceleration is generated
based on a famly of ordinary differential equations. 3.8. The nethod of

Fami 1y of - of di nary o Trersnt SCLaiets SAEBEE' ei5pdTiBrosdoenvental 070ses -

family of ordinary differential equation ! :
e A
.a?e generateda%asgégg%BQ ?§%$$$§%?1§§ $1¢ha1 "and' Said ggternal g
factor reduction acceleration signal;
sending said velocity output signal to a means for
controlling the velocity of the.said'troliey; and
predicting velocity change by generéting a
vglocity-change signal based on a collection of
Prediction model corréction acceleration signals from
said controller, comparing said velocity change signal
to said velocity output ;ignal, generating a velocity
compensation signal from.§aid coméérison, and'factoring

said velocity compenéatiqn signal into said trolley

velocity input signal.

| 37. The method of claim 36 wherein said
.j; cancellation acceleration is generated based on a

family of ordinary differential equations.

38. The method of claim 36 wherein said model
sway angle signal is generated based on a-fémily of

ordinary differential equations.



ordinary differential equations. 41. The nethod of claim 36 further

conprising filtering said operator's trolley velocity input signal and
filtering said velocity conpensation signal. 42. The met hod XsPtcEIbST 290p1 -

rising generating an adjusted operator’'s conmand accel eration

further co

si gnal f“ﬁg&ﬁﬂﬁﬁsfiltered operator's trolley velocity inpar/sepzenass and
fromsaid velocity conpensation signal. 43. A nethod for elimnating sway
of a payload suspended by a cable atLaghed to a hoist froma trolley, the
position of .said payl oad being vertically and horizontally adjustable,
sai d nmet hod i ncludi ng nmeans for generating an operator's hoist velocity

input 0 2 Sept enbé¥d .20 @hedethdy GBI H %)MS% midyial for
vertical adjustnent of said payload and including nmeans Tor génerating an
operator's t F¥RYeyeloeiidyi taignadufissigenlrated s Uls tfa?rllsllyati n of
sai d payl oad suspended by said cable, said nethod conprising: g@ erating
an adj usted epdinssy difdferemtial equations.

40. The method of claim 36 wherein said
compensation signals are generated based on a family of

ordinary differential equations.

41. The method of claim 36 further comprising
filtering said operator’s trolley velocity input signal

and filtering said velocity compensation signal.

42. The method of claim 41 further comprising
generating an adjusted operator’s command acceleration
.signal from said filtered operator;é trolley velocity
input signal and from said velocity compensation

._> -signal. ' t)

43. A method for eliminating.sway of a payload
suspended by-a cabie attache& to a hoist from a
trol%ey, the position_of said payload being vertically
and horizontally adjustable, said method inclt.Jdixig

neans for generating an operator’s hoist velocity input



accel eration signal fromsaid operator's trolley velocity input signal
generating a cancellation acceleration signal in an anti-i C nt£
- Sefiemper

. wherein sa

conpri ses; termning the length. of said cable;.
Vo

| ength s

determning the tine derivative of the length . of said cable;

d generation of said cancellation accel eration

BPHm said determination of the length of PLTEHNBI3

oller,

005

generating a cable

generating a

cable velocity signal fromsaid determygnation of the tine derivative. of
| ength; and receiving said cable length signal, said cable

sai d cabl e

vel ocity signal -and said adjusted operator

command accel eration signal

sai d anti - swd@gn@dntfias Ivertticade et stweitd gmnegld Hd rbagc%%l?er ation 2
se

Sept ember 2005 WD_021070388 PCT/ S(02/ 00033 - 54 signal ba

of ordi nary isicindiagt meanseditat igeiiradiRy A Vpedd tLrer R2b1hagt or
y“due

‘reduction

acceleration signal in a neans for controlling swa
velocity input signal for horizontal translation of

said payload suspended by said cable, said method
comprising:
generating an adjusted operator’s command
acceleration signal from said operator’s trolley
velocity input signal;
generating a cancellation acceleration signal in
an anti-sway controller, wﬁerein said generation of
said cancellation acceleration signal comprises:
determining theilength.af said cable;
generating a éablé length signal from said
determination of the length of said cable;
determining the time derivative of the length
of said cable;
generating a cable velocity signal from said
dete;mination of the time derivative of said cable
length; and
receivipg said cable length signal, said
cable velocity signal and said adjusted operator
command acceleration signal in said anti-sway

controller to generate said cancellation acceleration

in

on a famlvy



factor reduction acceleration signal
generation gonprising: neasuring a sway angle of said payl gad; enerating
a nmeasured sway angle signal from said neasured sway angl@ﬁ F?W&a&
sway vel gocity of said payload; generating a neasured sway vel ocity signal
from sai W%‘Ez};’gﬁﬁs@d sway velocity;. A generating a nodel sREL/SE€246033 i n said
anti-sway controller;, generating a nodel sway velocity signal in said
anti-sway controller; receiving said |_sway -angl e signal from said
anti-sway controller into, said external sway control neans; receiving .
sai d nodel -sway velocity signal fromsaid anti-sway controller into said
external'smaﬁigﬂéhtbeSedeansa IaﬁemyeabebrapgérthngQZQ§§§ CT/ S@2/ 00033
- b5 receiving said nmeasured sway angle signal “into Sal eXter nal sway

control neanéQuations;

generating an external factor reduction

to external factors, said external

acceleration signal in a means for controlling sway due
to external factors, said external factor reduction
. acceleration signal generation .comprising:

measuring a sway angle of said payload;

=) generating a measured sway angle signal from {

said measured sway angle;

measuring a sway velocity of said payload;

generating a measured sway velocity signal
from’'said measured sway velocity;.

generating a modeél sway signal in said
anti-sway controller; '

generating a model sway velocity signal in
said anti-sway controller;

receiving said model sway angle signal from
said anti-sway controller into said external sway

. control means;

" - receiving said model sway velocity signal

- from said anti-sway controller into said external sway

control means;

R



receiving said neasured sway velocity signal into said external sway

control. neans; and generating said external factor reductéag 3&Fe®$ ation
. signal based on said nodel sway angle signal, said nodel DeRrhed Py
signal, neasured sway angle signal and said neasured sway vel ocity signal
gener at i@ 020793%8oci ty out put signal in a neans for genePETISGH/AOBDCItY
out put, sai,d velocity output signal generation conprises: receiving said
adj usted operator's command accel eraticen _signal; receiving said ‘
cancel | ation accel eration signal; receiving said external factor reduction
accel eration signal; and generating a velocity output signal in said neans

for generating vel oci t yeswdwifig based ﬂé‘a%éelf e%iﬁ%#i%ﬁglgp%éi%% 's comand

accel eration signal, said cancellation acc I gn sai d

external fabitd $£liCéxOEreT ARt SA 0N an 4, Sept enber 2005 WO
., 02/ 070388 PCT/ S&2/ 00033 - 56 sending sald vé?oc?ty out put signal from

sai d receiving said measured sway velocity signal
into said external Sway control means; and |
generating said exfernal factor reduction
'acceleration signal based on said model sway angle
signal, said model sway velocity signal, measured sway
angle signal and said measured sway velocity signal;
. generating a velocity output signal in-a means for
generating velocity output, said veloéity output signal
.-generation comprises:
receiving said ?djusted operator’s command
acceleration signal; )
receiving said canéellation accéleration
signal;
receiving said external factor.reduction
acceleration signal; and
generating a velocity output signal in said
means for generating velocity output based on said
adjusted operator’s command acceleration signal; said

cancellation acceleration signal and said external

factor reduction acceleration signal;



means for generating velocity output to a neans for controlling velocity
of said trolley; and predicting velocity change in a neans_for redi cting
tselher 299ng

vel ocity change, said velocity change prediction CO”DriSiaékp
conpensation signals in said anti-sway controller; generating a velocity
change sWOBO®Bng said. conpensation signals of said aPET/S€P033
controller; conparing said velocity change signal to said velocity output
signal ;. generating a velocity conpen§q%§qp signal from said conparison
and factoring said velocity conpensatioh signal .into said operator's
trolley velocity input signal. :
sending said velocity output signal from said
means for generatihg velocity output to a méﬁns for
- controlling velocity of said trolley; and
predicting velocity change in a means for
predicting velocity change, said velocity change
prediction comprising:
generating compensation signals in said
anti-sway controller; . ﬁj
generating a velocity change signal using
said compensation signals of said anti-sway controller;
- comparing said velocity change signal to said
velocity output signal; ‘ |
| generaﬁing a velocity compensation signal
from said comparison; and

factoring said velocity compensation signal

into said operator’s trolley velocity input signal.



