METHOD AND APPARATUS OF DAMPING THE SWAY OE THE FK)STING ROPE CF A A
Description [ FIELD OF AQT] The present invention relates to a control
nmet hod and apparatus of danping the sway of the hoi sting rope of ‘a-
suspended type crane conprising a trolley nounted with a hiauglnaRRa@bHcd
and a hoi sting apparatus, or a rope- trolley container cra

traverse apparatus and a hoi stingsSppparatasIONhe docunent ﬁulmmﬂmlﬁml S
directed to controlling the sway of a

METHOD AND APPARATUS OF DAMPING THE SWAY OF THE HOISTING ROPE

OF A CRANE

(FIELD OF ART)

The present inveﬁtion relates to a control method and
apparatus of damping the sway of the hoisting rope of a
suspended type crane conmprising a trolley mounted with a
travel apparatus and a hoisting apparatus, or a rope-trolley
container crane comprising a traverse apparatus and a

hoisting apparatus.

{ BACKGROUND OF THE INVENTION)

Referring tof Fig. 1, in a suspended type crane
comprising a trolley mounted with a traveling apparatus, and
a hoisting apparatus, the trolley 1 is generally provided
with wheels 2 that roll along rails 3, and said wheels 2
being driven through a reduction apparatus 12 by a traveling
motor 11 mounted on the'trolley'1. An electromagnetic brake
13 and a speed detector 14 for detecting the rotating speed
of the traveling motor 11 are connected with the output drive
shaft of the traveling motor 11.

A hoisting apparatus 4 provided with a hoisting drive

drum 41 is mounted on the trolley 1. The hoisting drive drum




| oad by feeding back a signal which is proportional to a swing angle of a
rope. In the docunment "PROCEEDI NGS OF THE ElI GHTH TRI ENNI AL WORLD CONGRESS
OF THE | NTERNATI ONAL FEDERATI ON OF AUTOVATI C CONTROL, vol . 4,24 August 1981,
KYGTO, JAPAN, pages 1885-1890 E. OHNI SHI ET AL." a control systemis

di scl osed, consisting of a trolley traveling position system a danping the

sway ConyAolj sSYHHIQBMIThra e o EKdugly Si ereddéei sto capparra tits A4 3503007
di scl oses a control nethod of a sway of a load by determning an anount of

a trolley tyonel i pgrspead ,Cor ARCIHIUR trdnagradaR! bviake YAriands 4lr motbg
states of a crane by using a fuzzy interference, and executing a control of
trolley Ghawq | §9tSRESA W5 2cbhplkli8Ynk" &/ €lpul@eSPSEEnal generator are
connected with the output drive shaft of the hoist motor i42.
A hoisting rope 5 is wound round the hoisting drive drum 41,
and the hoisting rope 5 suspends a hoist load 6.
A travel drive control unit 20 controls the traveling
motor 11 to control the traveling speed of the trolley 1.
Referring to Fig. 2 showing the configuration of the travel
drive control unit 20 in a block diagram, a speed reference
device 21 gives a speed reference signal to a linear
acceleration starter device 22. A speed regulating
controller 23 provided with a proportional gain A and an
integrator having a time constant rl amplifies the difference
between a ramp speed reference signal NRF provided by the
linear acceleration starter device 22 and a speed feedback
signal NMFB provided by the speed detector 14, and provides a
torque reference signal TRr. The torque reference signal TRF
is given to a motor torque controller 24 which controls the
torque TM of the traveling motor 11 at a first-order lag time
constant rT to control the rotating speed of the traveling
motor 11. The speed feedback signal NMFB is produced by a
first-order lag element on the base of the motor. The block
25 represents the mechanical time constant M of the traveling
motor 11. NM is the rotating speed (p. u). The block 27
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reference corrected by the amount of_cogrection value. |In docunent
JP-B2-54-37377, a device is described for adding the sum of the swing angle
detected after conpleting traveling acceleration or deceleration and the

| oad swi ng angul ar velocity to the traveling speed reference signal as a
correcting signal. In the invention of JP-Al1-59-203093, a sway i s danped by

addi ng a JoVRIsttS Sia0nghnBhatihang@edf orMEWE TNt aigadiced byne | oad
sw nging, to a speed reference signal. The docunent JP-Al-60-44487

oS! TR P SRS R 20 ebbisingsl suka!eargud L0 (040 ©f 2
acting on the motor.

In the block 27, VR is the traveling speed (m/sec) of
the trolley 1 corresponding to the rated speed of the
traveling motor 11, g is the gravitational acceleration
constant (m/sec2), « is the angular frequency (rad/sec) of
swing motion of the hoist load 6, L is the length of the
hoisting rope 5, and # is the swing angle (rad) of the
hoisting rope 5. Therefore, « = (g/L)1/2,

In the block 28, mg is the load (p. u) on the trolley 1,
mi is the weight (P. u) of the hoist load 6, and kl is a
conversion factor for converting frictional torque produced
by the total weight of the trolley 1 and the hoist load 6
into load torque on the driving shaft of the trolley 1.

In the travel drive control unit 20 shown in Fig. 2,
when the traveling speed of the ¢trolley 1 is controlled
according to the ramp speed reference signal NRfF provided by

| the linear acceleration starter device 22 in response to a
high-speed or low-speed reference signal provided by the
speed reference device 21, the hoisting rope 5 oscillates
according to the acceleration and deceleration of the trolley
1. When the acceleration or deceleration of the trolley 1
increases, the swing angle of the hoisting rope 5 increases

accordingly. A conventional method of stopping the
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a l-oad swi ng éngle detector in considenation of a disturbance. In the

docunent JP-Al-60-106795, an invention is presented in which a correction

si gnal which cancels a nonot onous danping termof a sway of the load is

cal-cul ated froma detected swing angle signal detected by a | oad sw ng

angl e detector and then the correction signal is added to the traveling

speed  os2illBACKERAMNDtRE ThiD ¢ DMMNTIrONe] has been to regulate the
traveling speed of the trolley manually according to the
state of sway of the hoist load during the acceleration or
deceleration of the trolley.

Fig. 3 shows the respective variations of the rotating
speed of the motor, the swing angle of the hoisting rope, the
torque of the motor, and the load torque with variations of
the speed referencé signal. As is obvious from Fig. 3, the
hoisting rope oscillates continuously during the écceleration
and deceleration of the trolley, and the traveling speed of
the trolley is unstable. In Fig. 3, the swing angle 4 of the
hoisting rope is expressed in degrees (°).
| Since the operator of the crane must control the trolley
for acceleration or deceleration while observing the state of
sway of the hoisting rope, stopping the oscillation of the
hoisting rope requires that the trolley be accelerated or
decelerated at a very slow rate when the trolley is
controlled from a remote place or 'the trolley operates

automatically, which reduces the transportation ability of

the crane remarkably.

(DISCLOSURE OF THE INVENTION)
Accordingly, it is an object of the present invention to
enable a crane to operate automatically with its trolley

traveling at a high speed by suppressing the oscillation of

This Sheet Has Been Replac

[T




Ref.erring to FIG 1, in a suspended ty crane conprising a trolley nounted
with a traveling apparatus, and a hoi stTng apparatus, the trolley 1 is
generally provided with wheels 2 that roll along rails 3, and said wheels 2
bei-ng driven through a reduction apparatus 12 by a traveling notor 11
nounted on the trolley 1. An el ectromagnetic brake 13 and a speed detector

14 for d%%%PtMBiéﬁﬁhéotﬁé%QQ gpepdbatabhle traveltney mRidylelatdencoppect ed
with the output drive shaft of the traveling notor 11. A hoisting apparatus

4 provi ded oWilel a3 il e RBediirhg1diyum 41 is mounted on the trolley 1. The
hoi sting drive 3kun141 S grlven for rotation through a reduction apparatus
43 by a hoist FREOGL et BIRGILIROPREY Edes a method of damping the
sway of the hoisting rope of a suspended type crane
comprising: a trolley; a traveling motor for driving the
trolley for traveling; a travel drive control unit which
calculates a torque reference signal by a sbeed regulating
controller having a proportional gain and an integrator or
only a proportional gain on the basis of a deviation signal
representing the deviation of é speed signal which represents
the the traveling motor speed detected by a speed detector
from a speed reference signal for controlling the rotating
speed of the traveling motor provided by a speed reference
device through a linear acceleration starter device, and
controls traveling motor speed according to the torque
reference signal; a hoist motor for hoisting a hoist load;
and a driving controller for controlling the hoist motor.
The method calculates the damping control speed correction
signal NRFpp of a damping controller by using:

NRFDP = (20g/wEVR)(E6), wE - (g/LE)1/2
where (Ef) is an estimated swing angle of the hoisting rope
estimated by a swing angle computing element, & is a set value
of damping factor, g is the gravitational acceleration
constant, VR is the traveling speed of the ¢trolley

corresponding to the rated the traveling motor speed, and LE
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brake 44 and a notor speed detector 45 §onprising a pul se signal generator
are connected with the output drive shaft of the hoist notor 42. A hoisting
rope 5 is wound round the hoisting drive drum 41, and the hoisting rope 5
suspends a hoist load 6. A travel drive control unit 20 controls the
traveling notor 11 to control the traveling speed of the trolley 1.

Referring & ayfd Gesi etV Iéngte 6PNEROURSL 0Pl rbpe beeNeendEh¥e neasir ol
unit 20 in a block diagram a speed reference device 21 gives a speed

ref erenca Hdnaly  ne MdIaRs nC (Il 4Pl SERLVEH B9VitIR ZRoisth EBEeH,

regul ating control l'er 23 provided with a proportional gain A and an

i ntegr at Qi Padgid v ild M PN Hott ibg M spkedPbirl | @8iet N@raveling motor
according to a speed reference signal (NRr1) obtained by
subtracting the damping control speed correction signal NRFDP
from the speed reference signal (NRrp) provided by the linear
acceleration starter device to damp the sway of the hoisting
rope.

Four calculating means are available for calculating the
estimated swing angle (Ef) of the hoisting rope.
A first calculating means determines the estimated swing

angle (EA) of the hoisting rope by determining an estimated
motor accelerating torque signal (ETA) by multiplying a
signal which is obtained by passing a signal obtained by
differentiating the detected speed signal (NMpB) of the
traveling motor through a filter having a first-order lag
element by the mechanical time constant of the traveling
motor by a motor accelerating torque computing element,
determines an estimated 1load torque signal (ETL) by
subtfacting the estimated motor accelerating torque signal
. (ETA) from the output torque reference signal (TRF) of the
speed regulating controller, obtained by a motor load torque
computing element, and determines the estimated swing angle
(Ef) of the hoisting rope by filtering a signal, which is

obtained by dividing a signal obtained by subtracting the
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di f.ference between a ranp speed referenﬁe signal N err] provided by the

| i near acceleration starter device 22 and a speed feedback signal N err]
provi ded by the speed detector 14, and provides a torque reference signal
T[err]. The torque reference signal T[err] is given to a notor torque
controller 24 which controls the torque T[err] of the traveling notor 11 at

a first-gndeiticHhal i €BrHENSEANEhE C16ddt 6nCOAET 8havBRingt Abtbeg Feerd tife t he
traveling nDtor 11 The speed feedback signal N err] is produced by a

first-ordgs & ereay %ﬁcﬂf‘e b%E?L f ¥pe thet Oheaditeed! %‘if%@ r&Pr Nt s

-t he nechanlc time constant [err] the traveling notor Nl err] is the

'rl'ﬁteat): ggk e%%e%g% X aeﬁﬂ nemat i1 c crbtga% % fr%[th%rlsd\%rﬁ 16¢ Uit N9 speed.

A second calculating means uses the speed reference
signal (NRr1) obtained by subtracting the damping control
speed correction signal (NRrFpP) from the output speed
reference signal (NRro) of the linear acceleration starter
device, instead of the speed detection signal (NMFB)
representing the rotating speed of the traveling motor which
is used by the first calculating means. When calculating the
motor accelerating torque, the first calculating means
multiplies the signal obtained by differentiating the speed
detection signal by the mechanical time constant of the
traveling motor, while the second calculating means
multiplies the signal obtained by differentiating the speed
reference signal (NRfFi) obtained by subtracting the damping
control speed reference correction signal (Nrrpp) from the
output speed reference signal (NRrFp) of the 1linear
acceleration starter device by the mechanical time constant
of the traveling motor.

A third calculating means determines the estimated motor
accelerating torque signal (ETA), which is obtained by
multiplying a signal obtained by filtering a signal obtained
by differentiating the speed detection signal (NMFB)

representing the rotating speed of the traveling motor, by a
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angle of the hoisting rope. The block 28 represents load torque T[err] (p.
u) as aratio to rated torque acting on the notor. In the block 27, V[err]
is the traveling speed (nisec) of the trolley 1 -3- corresponding to the
rat-ed speed of the traveling notor 11, g is the gravitational acceleration
constant (m sec[err]), [err] is the angular frequency (rad/sec) of sw ng
moti on ofe ftihgrhohal ihgads 6.¢ ik sits-or@er! evggh effenidit hByStin® mechanical
time constant of the traveling motor, determines the
estimated kinetiec frictional torque (ETF) acting on the
trolley from the measured hoist load by the kinetic frictional
torque computing element, determines an estimated kinetic
resistance (ETL11) of the hoist load that acts on the trolley
by multiplying tﬁe estimated swing angle (E#) provided by the
swing angle computing element by the measured hoist load, and
determines the eétimated torque signal (ETM) of the motor by
adding the estimated motor accelerating torque signal (ETA),
the estimated kinetic frietional torque (ETF) acting on the
trolley and the estimated kinetic resistance (ETL11) that acts
on the trolley.
The swing angle (Ef) of the hoisting rope is determined
by calculating the deviation of the estimated torque signal
(ETM) from the output torque reference signal (TRr) of the
speed regulating controller, and filtering the obtained
signal by multiplying the deviation by a proportional gain
{(G) by the filter having a first-order lag element.
A fourth calculating means calculates the estimated
swing angle (EA) by calculating the deviation between a
signal obtained by dividing a signal obtained by multiplying
the speed detection signal (NMFB) representing the rotating
speed of the traveling motor by the traveling speed (VR) of

the trolley by the gravitational acceleration (g), and
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rope 5, and [err] is the swing angle_(rgd)_of the hoisting rope 5.
Therefore, [err] = (g/L)[err]. In the b?ock 28, nferr] is the load (p. u)
as aratio to rated torque on the trolley 1, niferr] is the weight (p. u) as
a ratio to rated torque of the hoist load 6, and k, is a conversion factor
for converting frictional torque produced by the total weight of the

trolley kangrdiadp swiktdadrespebe | ead tohgye Hn dipnall i wbtgiskal t byt t he
trolley 1. In the travel drive control unit 20 shown in FIG 2, when the

ﬁr avel i H%Iﬁ&%&ﬁnﬁ:h%h@r ofbpyatibs gt neld edqagper bNg tre t ketiaanegreed
reference signal” NRF provided by the linear acceleration starter device 22
In respongfnfidr® frequency (wg) calculated by using the expression:
wE = (g/LE)1/2
where g is the gravitational acceleration constant and Lg is
the measured length of the hoisting rope.

The operation of the controller to suppress the
oscillation of the hoisting rope by the method of the present
invention, and the principle by which the oscillation of the
hoisting rope is suppressed will be described hereinafter.

Referriné to Fig. Y4, the swing angle 8 (rad) of the
hoisting rope is détermined by a known equation of motion:

426/4t2 + w20 = (w2/g)(AV1/dL) eveverens (1)
where o = (g/L)1/2, V1 (m/sec) is the traveling speed of the
trolley and L (m) is the length of the hoisting rope.

fhe relation between the traveling speed V1 and the
motor speed NM is expressed by:

V1 = VRNM ceovesecvccrnsnnccccsnssnoesass (2)

Substituting the equation (1) into the equation (2), we

obtain
d26/dt2 + w28 = (w2VR/g)(dNM/dt) .evvee. (3)

Rearranging the equation (3) by using Laplace operand s,

we obtaih

S20(s) + w28 = (w2V/g)sNM(S) cvveveess (H)

Therefore,
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hi gh- speed or | ow speed reference signajgprovided by the speed reference
device 21, the hoisting rope 5 oscillates according to the accel eration and
deceleration of the trolley 1. Wien the accel eration or deceleration of the
trolley 1 increases, the swing angle of the hoisting rope 5 increases
accordingly. A conventional nethod of stopping the oscillation of the

hoi sting ropephey HefarRs A s23as2 H(TRV/BONM(8YeEl i ng. speed5pf the trol | ey

manual |y according to the state of sway of the hoist |oad during the

accel eration OVTKL-EC&FHﬁtd:Pr(SJ)f fhedyidldnt HdGthe Kivvmathe mRyeactdwve
variations of the rotating speed of the notor, the swing angle of the

hoi sting ¢ppesyifg AREIECOE! thBenBRER i ng@PBpkN@epresented by the block
27.

A function 6(t) for accelerating the traveling motor at
a fixed acceleration « {(p. u/sec) is expressed by using the
expression (4) ,assuming that § = 0 when t = 0,

8(t) = (VRa/g){1 = c08 wt) ceeeeceese (6)

It is known from the equation (6) that thé swing angle §
oscillates. When the ¢trolley starts accelerating, the
hoisting rope starts oscillating. After the acceleration of
the trolley has been reduced zero, the resistance of air and
the like acting against the oscillation of the hoisting rope
are the only forces that damp the oscillation of the hoisting
rope. Therefore, it takes a considerably long time for the
oscillation to stop. The oscillation of the hoisting rope
can be damped by controlling NM(s) of the right-hand member
of the equation (4) so that NM(s) includes a function of -4.
Therefore, the right-hand term of the equation (4) is written
as:

(w2VR/g)sNM(sS) = (w2VRa/g)(1/s) - 28wssd(s) ... (T)
where & is a damping factor.

Rearranging the left-hand member of the equation (4) and
the right-hand member of the equation (7) for 6(s), we

obtain:
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load torque with variations of the speed reference signal. As is obvious
fromFIG 3, the hoisting rope oscillates continuously during the

accel eration and deceleration of the trolley, and the traveling speed of
the trolley is unstable. In FIG 3, the swing angle [err] of the hoisting
rope is expressed in degrees ([err] ). Since the operator of the crane nust

control the tymidsy | GyaceslsT al |90 05) d2CELRTRLIEN MY} €. obseying the

state of sway of the hoisting rope, stopping e oscl t he

hoi sting rope Gaqiigedrdain i @bt B APE Lraleduiin dgcel gl aliggyat a

very slow rate when"the trolley 1s contr oma renote place or the

ELglL?gngﬂﬁiﬁ%ﬁﬁgﬁﬁ§9m%y(waldbtéMHJ*]reduces the transportation ability of
8(t)=(VRa/g) [ 1+{exp(-0wt) /(1-02)1/2}sin{w(1-82)1/2t-¢}]
where ¢ = tan-1{-(1-82)1/2/8}

It is known from the equation (9) that the angular
frequency of the hoisting rope approaches 0 and the
oscillation of the hoisting rope can be suppressed when the
damping factor J is increased from 0 and approaches 1.

Rearranging the equation (7), we obtain:

NM(s) = (a/82) - (202/wVR)O(8) veveeeeeees (10)

Inverting both sides of the equation (10), we obtain:

NM(t) = at - (208/@VRIO(E) vererennenennns (11)

The first term of the right-hand member of the equation
(11) represents the motor speed during acceleration at an
acceleration rate of «, which is approximately equal to the

output speed reference signal NRrg of the linear acceleration

starter device (Fig. 4).

The second term of the right-hand member of the equation
(11) represents a damping signal for suppressing the
oscillation of the hoisting rope and is a function of swing

angle # and angular frequency w.
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[ SUMVARY OF THE | NVENTI ON| Accordingquétljs an object of the present

I nvention to enable a crane Substitute sheet - 14 August 1999 -4- to
operate automatically with its trolley traveling at a high speed by
suppressing the oscillation of the hoisting rope attributable to the
accel eration or deceleration of the trolley.

Thus, a speed reference signal is given to the travel
drive control unit so that the rotating speed NM (p. u)
coincides with the speed expressed by the equation (11).

The speed reference signal NRr1 (p. u) to be given to

the travel drive control unit for controlling the traveling

motor is expressed by:

NRF 1 NRFOo - NRFDP = NPFO - (20g/wgVR)EG(t) ...(12)

(g/LEg)1/2

where wpg

When the speed reference signal NRF1 expressed by the
equation (12) is given to the travel drive control unit to
control the traveling motor so that the motor speed varies
according to the speed reference signal, the oscillation of
the hoisting rope can be suppressed.

Two principles by which the swing angle of the hoisting
rope is calculated will be described hereinafter.

A first method of calculating the swing angle on the
first principle utilizes the dynamic action of the hoist load
on the drive system of the trolley.

First, the way that the load torque on the traveling
motor resulting from the action of the hoist load on the
driving system of the trolley is a function of the swing
angle § will be described.

Referring to Fig. 5, showing forces received by the
trolley from the hoist load in a dynamic diagram, the tension

of the hoisting rope is the sum of a component mig-cosf of
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The present invention provides a methoqqof _danping the sway of the hoisting
rope of a suspended type crane conprisifig: a trolley; a traveling notor for
driving the trolley for traveling; a travel drive control unit which
cal-cul ates a torque reference signal by a speed regulating controller
having a proportional gain and an integrator or only a proportional gain on

the basi gnafl @rLeM Pt g IONEhe r BPESEENdA, t&8d davi cdntn Migsl SPeede
signal which rtepresents the traveling notor speed detected by a speed

det ect or pilAMc@aSPHEdLhel igtafaY aictehétt CORT tdld | H@i e 1bakatd$gtaeeed
of the traveling notor provided by a speed reference device through a

linear ageRls@nali ORosé AidifingdeVi Coinded €RET 1D ditdvebE NG HE @i rengas
according to the torque reference
movement of the hoist load is low and, hence, the centrifugal
force is low as compared with the component of the gravity of
the hoist 1load, the centrifugal force is negligible.
Therefore, the tension of the hoisting rope is substantially
equal to mig-cosé.

Furthermore, as shown in Fig. 5, a force Fpt =
mig-cosf-cosf, i.e., a component of the tension of the hoisting
rope, acts on the trolley. Since the angle § is very small,
Fm1 = m1gd.

Thus, the load torque on the trolley is a funection of
the product of the gravity of the hoist load and the swing
angle 4. The present inventipn utilizes this fact for
calculating the estimated swing angle Ef of the hoisting rope
on the basis of the load torque on the trolley.

A second method of calculating the swing angle on the
second principle uses an equation of motion representing the
swing motion of the hoisting rope. ' The estimated angular
frequency wg (rad/sec) is expressed by:

wE = (B/LE)1/2 iriieiiiienacenrnenaans (13)
where LE (m) is the length of the hoisting rope between the
hoisting drive drum and the hoist load measured by counting

pulses generated by a pulse generator associated with the
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signal; a hoist notor for hoisting @ hqgiyst Joad; and a driving controller
for controlling the hoist notor. The nethod cal cul ates the danping control
speed correction signal NRFDP of a danping controller by using:
Nerr]=(2[err] gl/[err] V[err])(E[err]), [err] =(g/L[err])[err] where (E
[err]) is an estimated swing angle of the hoisting rope estimted by a

SW Ng anghf fRYTPadivg Shefenbs [téie |hoist metoral aadofg danfsew) fastahe g is
the gravitational acceleration constant, V[err] is the traveling speed of

the trol log it 1aoHNdidde 1@ riafta ondlcemsttadts! i ng notor speed, and L[err] is
the neasured | ength of the- hoisting rope between the hoist |oad and the

hoi sting drivegdisBiduit¥ag Bhet BRiRg ahgmet @ s)gndneonbtels spaedr aylsi)ng
speed of the traveling
and the angular frequency « of the hoisting rope of the
equation (Y4) by the estimated swing angle Ef(s), the speed
detection signal NMFB(s) and the estimated angular frequency
wE, respectively, and rearranging the equation (4), we
obtain:
sZEB(s)i= (wg2VR/g)sNMFB(8) - wg2EA(s) ... (14)
Dividing both sides of the equation (14) by s2 and
rearranging the same, we obtain: |
EF(s) = {(VR/g)NMFB(s) - 6(s)/s}{wg2/s) ... (15)
The estimated swing angle of the hoisting rope is

calculated by constructing a control block diagram equivalent

to the equation (15).

(BRIEF DESCRIPTION bF DRAWINGS)

Fig. 1 is a perspective view of a suspended type crane
comprising a travel drive unit, a hoist drive unit and a
trolley supporting the travel drive unit and the hoist drive
units

Fig. 2 is a block diagram.of a prior art travel drive

units
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not.or according to a speed reference siqghal_ (NRF1) obtained by subtracting
t he danpi ng control speed correction signal N err] fromthe speed reference
signal (N err]) provided by the |linear acceleration starter device to danp
the sway of the hoisting rope. Four calculating nmeans are avail able for
calculating the estimated swing angle (E [err]) of the hoisting rope. A

first calcul at pag,means gleper @i d@sam hexgIdifdngd shenGcudlerdtinger ahy of
t he hoisting .rope by determ ning an estimated notor accel erating torque

signal (GEde1dratildy PEihRgcBest S08EsWHfChthe GPHiaimedrby massngdeiviegnal
obtained by differentiating the detected speed signal (NVFB) of the

travelin%nit;

Fig. 4 is a block diagram of a travel drive control unit
in accordance with the present invention;

Fig. 5 is a dynamic, diagrammatic view in explaining
forces applied by the hoist load on the trolley of a crane;

Fig. 6 is a block diagram of a travel drive control
system in a first embodiment of the present invention;

Fig. T is a block diagram.of a travel drive control
system in a second embodiment of the present invention;

.Fig. 8 is a block diagram of a travel drive control
system in a third embodiment of the present invenﬁion;

Fig. 9 is a block diagram of a travel drive control
system in a fourth embodiment of the present invention;

Fig. 10 is a block diagram of a travel drive control
system in a fifth embodiment of the present invention;j

Fig. 11 is a diagrammatic view of a rope—trolley erane
having a stationary traverse apparatus and a stationary
hoisting apparatus; and

Fig. 12 1is a diagram showing the accelerating and
decelerating characteristies of a travel drive control system
in accordance with the present invention for driving and

controlling a trolley.
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not.or through a filter having a firs;-og? _lag elenment by the nechani cal
tinme 5 constant of the traveling not by a notor accel erating torque
conputing elenment, determ nes an estimated | oad torque signal (ETL) by
subtracting the estimted notor accelerating torque signal (ETA) fromthe
out put torque reference signal (TRF) of the speed regulating controller,

obtai ned by a ”UtorEb@%@Rﬁ?TQGﬁ OFTRUE PREFERKED! EMBOPIMENENM nes the
estimated sw ng angle (

Preferred embodiments of the present invention will be
described hereinafter with reference to the accompanying
drawings.

Figs. 6, T, 8, 9 and 10 are block diagrams of travel
drive control systems provided with a speed regulating
controller, embodying the present invention for driving a
trolley, in which components like or corresponding to those
of the travel drive control system described previously with
reference to Figs. 1 and 2 are designated by the same
designations and denoted by the same reference characters.
The descriptions thereof will be omitted.

Referring to Fig. 6 showing a travel drive control
system in a first embodiment of the present invention, when
feeding back the output signal of the speed detector 14
associated with the driving shaft of the traveling motor 11
to a speed reference signal NRr1 obtained by subtracting a
damping control speed reference correction signal NRrFpp from
the output signal NRFg of the speed reference device 21, a
signal NMFB filtered by a filter 26 having a first-order lag
element is fed back. When a speed deviation signal
representing the deviation of the speed'detection signal NMFB
from the speed reference signal NRF1 is given to the speed
regulating controller 23, the speed regulating controller 23

provides a torque reference signal TRF obtained by adding a
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[err]) of the hoisting rope by filteri a signal, which is obtained by
dividing a signal obtained by subtracting the frictional torque of the |oad -
on the traveling nmotor fromthe estinated | oad torque (ETL) by the neasured
wei-ght of the hoist load, by a filter having a first-order lag elenent. A
second cal cul ati ng nmeans uses the speed reference signal (N err]) obtained

by subtragid o tiRi GAMINGKOM A BHeefh1aA 188 HgONt 18 IBpetNRIa gy t he

out put speed reference signal (NRFO "of the linear acceleration starter
e SOREHP B0, W pFOBSFISHAL! i A1 oladd DS Sg0LA ety
]??lrg,l[“ 2;:{:1’8:[ i ngin aﬁcg'zecalsqléjn%tl' NGpid$nBRt Oby 2GHE] €1 f ¢ 11% t Are.sddla
deviation signal by the proportional gain A with respect to a
time constant zl. If the speed regulating controller 23 has
only the proportional gain A, a signal obtained by
multiplying the speed deviation signal by the proportional
gain A is used as the torque reference signal TRF.
The operation of a motor accelerating torque computing
element 30 will be described hereinafter.
Upon the reception of the motor speed detection signal
NMFB, the motor accelerating torque computing .element 30
provides a signal ETA obtained by filtering a signal which is
obtained by multiplying the differential of the motor speed
detection signal NMFB by the mechanical time constant M of
the traveling motor 11 by a filter having a first-order lag
element having a time constant <F1. The signal ETA is an
accelerating torque signal for accelerating the traveling
motor 11.
The operation of a motor frictional torque computing
element 31 will be described hereinafter.
An estimated frictional torque ETF (p. u) signal
representing the frictional torque of fhe trolley is obtained
by multiplying the sum of the weight mOE (p. u) of the

trolley 1 measured beforehand and the weight m1E (p. u) of
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mul.tiplies the signal obtained by diffeygentjating the speed detection
signal by the nechanical tinme constant of the traveling notor, while the
second cal cul ating neans nultiplies the signal. obtai ned by differentiating
the speed reference signal (N err]) obtained by subtracting the danping
control speed reference correction signal (NRFPD) fromthe output speed

referencerd gnbdidtN eiddd & tdwtdrinieryd acee! ehat | dasilsar odr deviteardye t he
mechani cal tine constant of the traveling notor. A third cal cul ati ng neans

det er m nesefdiemsd i val e goven 86Ceher ddikd myture 152 gonl thETAbrqiel JT i s
obtained by nultiplying a signal obtained by filtering a signal obtained by
di fferentdd inwh dthensheedydeigpin@nthe hoisting of the hoist load 6 at

a constant rate by a conversion factor K1E for converting the

sum into the frictional torque of the driving shaft of the

trolley.

A swing angle computing element 32 will be described
hereinafter.

When calculating an estimated swing angle Ef (rad) of
the hoisting rope, a signal ETL (p. u) obtained by adding a
signal obtained by subtracting the motor accelerating torque
signal ETA (p. u) from the torque reference signal TRr (p. u)
provided by the speed regulating controller 23 and the
estimated frictional torque_(p. u) is divided by the weight
m1E (p. u) of the hoist load 6, and the signal thus obtained
is filtered by a filter having a first-order lag element with
a time constant F.

The operation of a damping controller 33 for damping the
oscillation of the hoisting rope will be described
hereinafter.

The damping controller 33 calculates a speed correction
signal NRrpP (p. u) for damping control on the basis of the
estimated swing angle Ef (rad), a set damping factor & (p. u),
the gravitétional acceleration g (m/sec2), the traveling

speed VR (m/sec) of the trolley 1 corresponding to the rated
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signal (N err]) representing the rotati speed of the traveling notor, by
a filter having a first-order |lag el enent by the nechanical tinme constant
of the traveling notor, determ nes the estimated kinetic frictional torque
(EFF) acting on the trolley fromthe neasured hoi st |oad by the kinetic
frictional torque conputing elenent, determ nes an estimated kinetic

resi st anceofdlidd) spbelihohobak t3ad dilldly agdbBo®n 11ihe P! tLRE Measured

mul tiplying the estinmated swing angle (E T err]) provided by the swi ng angle

conputing ghevent, by )t b MBas UEs i StréPadpetibedetaenndestling eativent ed

t orque signa ETM of the notor by adding the estimted notor accel erating

o e AP, T . B HOTH, ofotd 1L ey 608 HET D
generated by the speed detector 45 associated with the
driving shaft of the hoist motor 42, by using the following
equation:

NRFDP = (208/wEVR)ES .+iveivecenscenannss (16)
where wg = (g/LE)1/2._

When the speed regulating controller 23 receives the
deviation of the speed detection signal NMrB (p. u) from a
speed reference signal NRr1 (p. u) obtained by subtracting
the speed reference correction signal Nrrpp (p. u) for
damping control from the speed reference signal NRrQ provided
by a linear acceleration starter device 22, the speéd
regulating controller 23 controls the rotating speed NM of
the motor to vary according to the speed reference signal
NRF1.

Thus, the oscillation of the hoisting rope is damped at

- the damping factor J.

A second embodiment of the present invention will be
described hereinafter with reference to Fig..7, in which only
those components that are different from those of the first
embodiment shown in Fig. 6 will be described.

The speed reference signal NRr1 is given to the

traveling motor accelerating torque computing element 30 of
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resistance (ETL11) that acts on the trojdey.,  Substitute sheet - 14
August 1999 The swing angle (E[ferr]) of the hoisting rope is determ ned by
calculating the deviation of the estimted torque signal (ETM fromthe
out-put torque reference signal (T[err]) of the speed regulating controller,
and filtering the obtained signal by nmultiplying the deviation by a
proportiaid gabbnfCerbodifRnlt], tHistwnd nera thier shotdrdespbad de@ttion
signal NMrB which is given to the accelerating torque
computing element 30 of the first embodiment.
In the second embodiment, the estimated motor
accelerating torque signal ETA is obtained by multiplying a
signal obtained by filtering a signal which is obtained by
differentiating the speed reference signal NRF1 by the
accelerating torque computing element 30 by a filter having a
first-order lag eiement with a time constant of <F1 by the
mechanical time constant M of the traveling motor 11.
A third embodiment of the present invention will be
described hereinafter with reference to Fig. 8.
The Only component of the third embodiment shown in Fig.
8 that is different from that of the first embodiment shown
in Fig. 6 is a swing angle computing element 32A, which is
different from the swing angle computing element 32 of the
first embodiment, while the rest of the components of the
third embodiment are identical with those of the first
embodiment. Thus, only the swing angle computing element 32A
will be described herein.
The swing angle computing element 32A adds the traveling
resistance ETL11 (p. u) of the hoist load against the travel
of the trolley, obtained by multiplying the output signal Ef

thereof by the measured weight miE, the traveling frictional

torque ETF and the accelerating torque ETA for accelerating
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A fourth cal cul ating means cal cul ates EQe estinmated swing angle (E [err])
by cal culating the deviation between a signal obtained by dividing a signal
obtained by nultiplying the speed detection signal (N err]) representing
the rotating speed of the traveling notor by the traveling speed (V[err])

of the trolley by the gravitational acceleration (g), and integrating,
respect tRet tFved iSigdndtdit g Ngdtbymibbt bpl WstdmateddaorauerETY (pe

Wi th

square of the estimated angul ar frequency ([err]) cal culated by using the

expressi gy: gfethk moterllerr])[err] where g is the gravitational

accel eration constant and LE is the neasured |l ength of the hoisting rope.

The swing angle computing element 32A calculates the

deviation of the estimated motor torque from the

torque reference signal TRF (p. u) of the speed regulating
controller and filters a signal obtained by multiplying a
deviation signal representing the deviation by a proportional

gain G by a filter having a first-order lag to provide the

swing angle Ef (rad).

A fourth embodiment of the present invention will be
described hereinafter with reference to Fig. 9, in which only
those components of the fourth embodiment shown in Fig. 9

that are different from those of the first embodiment shown

in Fig. 6 will be described.

Whereas the first embodiment calculates the swing angle
on the basis of the load torque on the traveling motor,
fourth embodiment calculates the same by a swing angle
computing element 34 on the basis of the rotating speed of

the traveling motor, which is the only difference of the

fourth embodiment from the first embodiment.

The swing angle computing element 34 provides
estimated swing angle Ef (rad) obtained by calculating the
deviation between a signal obtained by dividing a signal
obtained by multiplying the speed detection signal NMrB (p.

u) representing the rotating speed of the traveling motor by
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The operation of the controller to Qypg¥g5§_the oscillation of the hoisting
rope by the nethod of the present invention, and the principle by which the
oscillation of the hoisting rope is suppressed will be described
hereinafter. Referring to FIG 4, the swing angle [err] (rad) of the

hoi sting rope is determ ned by a known equation of notion: dlerr]/dt[err]

+err] = r e dt i =(c®rir) i
(i 560) 195 he T PRVerE 6 Spcea ot ThE Thol ey and L (M) s the rength or

the hoi stifg fppe. pihed el@péen boipeanéshethhaed ing speedrvl gpd the
notor speed N err] iIs
gravitational acceleration (m/sec2) and a signal obtained by
integrating the estimated swing angle Ef (rad) provided by
the swing angle computing element 31 with respect to time,
and integrating a signal obtained by multiplying a deviation
signal representing the deviation by the square of an
- estimated angular frequency g (rad/sec) calculated by using
the equation (13) using the measured length Lg (m) of the
hoisting rope between the hoisting drive drum of the hoisting
apparatus and the hoist 1load and the gravitational
acceleration g (m/sec2) with respect to time.

A fifth embodiment of the present invention will be
described hereinafter with reference to Fig. 10, in which
only those respects differing from the fourﬁh embodiment
shown in Fig. 9 will be described.

A damping controller 35 employed in the fifth embodiment
has both the arithmetic functions of the swing angle
computing element 34 and the damping controller 33 of the
third embodiment, and does not use the traveling speed VR of
the trolley corresponding to the rated rotating speed of the
traveling motor.

Accordingly, when the same speed detection signals are

applied respectively to the damping controller 33 of the

fourth embodiment and the damping controller 35 of the fifth
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expressed by: V[err]=V[err]Nerr]
Substituting the equation (1) into t he éhuatlon (2), we obtain

(2)

[err]/dt[err] + [err] =([err]V[err]/g)(dN err]/dt) (3) Substitute

sheet

14 August 1999 Rearrangi ng the equation (3) by using Laplace

operand s, we obtain [err](s)+[err] =([err]V/g)sNerr] (s)

embodiment, the output signal of the damping controller 35 is
the same'as that of the damping controller 33.

A transfer function between the speed detection signal
NMFB, i.e., the input signal of the swing angle computing
element 34 of the fourth embodiment, and the damping control
speed reference correction_signal NRFDP, the output signal of

the damping controller, is expressed by:

-

NRFDP(s) /NMFB(S)
(VR/g)[(wEZ/s)/{1+(wE2/82)}](Zag/wEVR)

20{wES/(S24+wE2)} sevescsasnansnnsasnes (17)
A tranéfer function between the speed detection signal
NMFB, i.e., the input signal of the damping controller 35 of
the fifth embodiment, and the damping control speed reference
correction . signal NRrpP, i.e., the output signa; of the
damping controller 35, is expressed by:

NRFDP(s)/NMFB(S) = 28[(wE2/S)/{1f(wE2/32)}]

= 20{wEs/s2+wE2)} ..............;........ (18)

Thus, the transfer functions expressed respectively by
the equations (17) and (18) are identical.

Although the present invention is applicable to cranes
comprising a travel apparatus, a hoisting apparatus, and a
trolley carrying the travel apparatus and the hoisting
apparatus, the present invention is applicable also to a
rope-trolley crane comprising a stationary traverse

apparatus, a stationary hoisting apparatus, and a traverse
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Therefore, [err] (s)={[err] S/ (S[err] wyerr])}(Merr]/g)Nerr](s)

(5) The equation (5) is equivalent to the kinematic nodel of the sw ng
angl e of the hoisting rope represented by the block 27. A function [err]
(t). for accelerating the traveling notor at a fixed acceleration [err]

u/ sec),

that is aratio to a value that is obtained by dividing a rated

speed by drdBrey,s ®uehesssd Dy ceaitagnehe ergmesssonshépn absurfig. t Hat.
[err] =0 when t=0, [err] (t)=(V[err]/g)(l-cos [err]t)

It i's Knaybfd Ofht PegCaUpt i SFe (8) trbateridee spparatngl 800 escidilatss, a

traverse trolley 52, a hoisting apparatus 53, a container 54,
i.e., a hoist load, a controller 55, a traversing rope 56,
wheels 59, a drive drum 61 for driving the traversing rope, a
reduction apparatus 62, an electric traversing motor 63, an
electromagnetic brake 64, a speed detector 65, guide rollers
67 and 69, a hoisting drive drum 71, a reduction apparatus
72, a hoist motor 73, an electromagnetic brake T4, a speed
detector 75, a hoisting rope 76, a suspending portion T7, a
hoisting aceessory 80, guide rollers 81 to 89 and a winding
drum 90. Terms "travel control" and "travel frictional
torque" used in describing the method of controlling the
travel apparatus are replaced with terms "traverse control”
and "traverse frictional torque", respectively, in the method
of controlling the traverse apparatus shown in Fig. 11, and
the terms "travel" and "traverse" are represented inclusively
by the term "move" in the appended claims.

Fig. 12, whicﬁ corresponds to Fig. 3, shows the
operating characteristics of the trolley controlled by the
method of damping the sway of the hoisting rope in accordance
with the present invention. As is obvious from Fig. 12, the
the speed varying characteristies of the trolley are

stabilized as compared with those shown in Fig. 3.

heet Has Been Replaced

"I

(p.

(6)



Whén the trolley starts accel erating, tgg hoi sting rope starts oscillating.
After the acceleration of the trolley has been reduced zero, the resistance
of air and the like acting against the oscillation of the hoisting rope are.
the only forces that danp the oscillation of the hoisting rope. Therefore,
It takes a considerably 1ong tine for the oscillation to stop. The

oscillation of A§esHGWﬁthﬁgFﬁ@DeUQNhtEM£E@p§ﬂﬁD¥ eontthel Inoigthry rfogs) of
t he right-hand nenber of the equation (4) so that N err] (s) includes a

function ofiad€sd] py TREHf e ardie rd&béctemd2y engyobet Misedquaistnd i s

witten as: ?%err]vferr g)gﬁ[err] (s)y=([err] Verr] [err]/g)(1/s)-2 [err]s

[err] (S)tne esﬁ7ﬂa£’@§resv;ﬁ{§]dn%l% da@derhindat Oby the swing angle
computing element 38 for the control operation.

As is apparent from the foregoing description, according
to the present invention, the oscillation of the hoisting
rope attributable to the acceleration or deceleration of the
trolley is 'suppressed automatically without requiring a
manual oscillation suppressing operation from the operator of
the crane. 'Accdrdingly, the trolley is able to travel at'a
relatively high speed, and the automatic operation of the

crane remarkably enhances the transporting ability of the

crane.

( INDUSTRIAL FEASIBILITY)

The present invention is applicable to controlling swing
signals representing the swing motion of the hoisting rope of
a suspension crane comprising a travel apparatus, a hoisting
apparatus and a trolley carrying the travel apparatus and the
hoisting apparatus or a container crane comprising a rope-

trolley traverse apparatus and a hoisting apparatus.
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Rearranging the left-hand nenber of theygequation (4) and the right- hand ~
menber of the equation (7) for [err] (s), we obtain: s[e -
[err]S[err](S)+[err](S)=([err]Vierr]/g)(1/9) (8) 1“"’““““"”'"1"“"3'
condition: [err] (t)=0 when t=0, fromthe equation (8)  *Substttute Ssheet
- 14 August 1999 we obtain: [err] (t)=(Vlerr]/g)[1l +{exp
(-[err]t)dipleMerr])[err]} sin {[err](1-[err])[err] t-[err])] (9)
1. A method of damping the sway of the hoisting rope of
a suspension crane comprising a trolley' drive control unit
comprising a travéling motor for driving a trolley, and a
speed regulating controller which calculates a torque
reference signal on the basis of a deviation signal
representing the deviation of a speed signal representing the
traveling speed of the trolley from a speed reference signal
and controls the rotating speed of the traveling motor
according to the torque reference signal; a hoist motor for
hoisting a hoist load; and a hoisting motor drive control
unit for driving and controlling the hoist motor;‘said method
comprising:
calculating. a damping control speed correction signal
(NRrFDP) by a damping controller by using: |
NRFDP = (zas/wEvﬁ)(Ea) and wg = (g/Lg)1/2
where Ef is the swing angle of the hoisting rope, ¢ is a set
damping factor, g is the gravitational acceleration constant,
VR is the traveling speed of the trolley cdrresponding to the
rated rotating speed of the traveling motor, and LE is the
length of the hoisting rope between the hoisting drive drum
and the hoist load; and
controlling the rotating speed of the traveling motor

according to a corrected speed reference signal (NRF1)
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where [e
(9) that
oscillati

we obt ai
(10) Inved
[err] t-

rr]=tanferr] {-(1- [err])[enj/[éyr]J It is known fr uat
t he angul ar frequency of the hoisting rope appro ﬂﬂ j lm
ion of the hoisting rope can be suppressed when t

n Nlerr] (s)=( [err]/s[err])-(2 [err] g/[err]V[err]) [err] (s)

t b
S Y e Ber 1] 1) A o e ot

term of t(*}\ﬁ#l*ﬂ?ﬁtfrtmdc}{@@Fered)fr’éf'ﬁ'é%ﬂé@@l%a(lljmmo) .

2. A method of damping the sway of the hoisting rope of
a crane according to claim 1, wherein said swing angle (EG)
is an estimated swing angle (Ef) of the hoisting rope
determined by computation of a swing angle computing element.

3. A method of damping the sway of the hoisting rope of
a crane according to claim 1, wherein said swing angle (E@)
is a detected swing angle (Ef) of the hoisting rope detected
by a swing angle detector.

4, A method of damping the sway of the hoisting rope of
a crane according to claim 2, wherein

an estimated motor accelerating torque signal (ETA) is
determined by multiplying a signal obtained by
differentiating a speed detection signal (NMFB) representing
the rotating speed of the traveling motor by the mechanical
time.constant of the traveling motor by a motor accelerating
torque computing element; |

an estimated load torque signal (ETL) is determined by
subtracting the estimated motor accelerating torque signal
(ETA) from a torque reference signal (TRF) provided by the
speed regulating controller, by a motor load torque computing
element; and

an estimated swing angle (Ef) of the hoisting rope is

obtained by filtering a signal obtained by dividing a signal
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del-ta. is increased fromO and approaches 1. Rearranging the equatlon (7),



represents the notor speed during acgelséatLon at an acceleration rate of

a, which is approxi mately equal to the &Utput speeH"u j ﬂ“"ﬂl | Nerr]
of the linear acceleration starter device (FIG 4)% e of the
ri ght-hand menber of the equation (11) represents a danping signal for
suppressing the oscillation of the hoisting rope and is a function of swi ng

angl e [erbhtaﬁﬂeénQH}aéuﬁﬁ?ﬂ&€ﬂﬁ¥ Ber rdst ihaiSed arpp8eYdongieriRice ebggak is
given to the travel “drive control unit so that the rotating speed N err]

o o o RSP By PERE SHRECE08 B e O 0¥ o
from the estimated load torque (ETL) by the measured weight
of the hoist load, by a filter having a first-order lag
element.

5. A method of damping the sway of the hoisting rope of
a crane according to clﬁim 4, wherein the estimated swing
angle (Ef) of the hoisting rope is obtained by using the
corrected speed reference signal (NRF1) obtained by
subtracting the damping control speed correction signal
(NRrpp) from the speed reference signal (NRrFp) provided by a -
linear acceleration starter device, instead of the speed
detection signal (NMFB) representing the rotating speed of
the traveling motor.

6. A method of damping the sway of the hoisting rope of
a crane according to claim 2, wherein

an estimated motor accelerating torque signal (ETA) is
determined by multiplying a signal obtained by
differentiating a speed detection signal (NMFB) representing
the rotating sbeed of the traverse motor by the mechanical
time constant of the traverse motor by a motor accelerating
torque computing element;

an estimated kinetic frictional torque (ETF) acting on

the trolley is determined on the basis of the measured weight
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N[err]
[err]

2 [err] glf[err] [err])E [err] (t) (12) where

i

comtrbl uhrf ijuE @a‘ I|ng t he trazelbgg potor is expressed by: Nerr]

referenceogi gfé, HOi®t 1o8d by a kinetic frictional torque computing

element;

an estimated kinetic resistance (ETL11) produced by the
hoist load and acting against the movement of the trolley is
determined by multiplying the output signal (EA) of a swing

angle computing element by the measured weight of the hoist

loads

an estimated motor torque signal (ETM) is determined by

adding the estimated motor accelerating torque signal (ETA),
the estimated kinetic frictional torque (ETF) and the estimated
kinetic resistance (ETL11); and

The swing angle (Ef) of the hoisting rope is obtained by
filtering a signal obtained by multiplying a deviation signal
representing the deviation of the estimated motor torque
signal (ETM) from the output torque reference signal (TRp) of
the speed regulating controller by a proportional gain (G),
by a filter having a first-order lag element.

7. A method of damping the sway of the hoisting rope of
a crane according to claim 2, wherein

the deviation between a signal obtained by dividing a
signal obtained by multiplying the speed detection signal
(NMFB) representing the rotating speed of the traverse motor
by the traveling speed (VR) of the trolley corresponding to
the rotating speed of the motor by the gravitational

acceleration (g) and a signal obtained by integrating the
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en the speed reference signal N sub. RF1 expressed
by .t he equatlon (12) is given to the travel drive control unit to control
the traveling notor so that the notor speed varies according to the speed



oscillation of t can.bezguppressed. Two principles by which
the swi ng angl e m m B Ilﬂﬂmope S cal culated will be described
her ei nafter. | culating the swing angle on the first
pri=nciple utlllzes the dynam c action of the hoist |load on the drive system
of the trolley. First, the way that the | oad torque on the traveling notor
resul ti ngebtamatterd acswbngof anigd ehoi GEF) oanidh t pesirdet ngtsystdmeof ise
trolley is a function of the swing angle [err] will be described. Referring
to FIG 5cathanabBegdktorces received by the trolley fromthe hoist load in a
dynam c diagram the tension of the hoisting rope is the sum of

an estimated angular frequency (wg) of the oscillation
of the hoisting rope is calculated by using

= (g/LE)1/2
where g is the gravitational acceleration constant and Lg is
the length of the hoisting rope between the hoisting drive
drum and the hoist load; and

an estimated swing angle (Ef) of the hoisting rope is
obtained by integrating a signal obtained by multiplying the
deviation signal by the square of the estimated angular
frequency (wE) with respect to time.

8. A control system for damping the sway of the
hoisting rope of a suspension crane comprising:

a trolley drive control unit comprising a traveling
motor for driving the trolley of the crane, and a speed
regulating controller which calculates a torque reference
signal on the basis of a deviation signal representing the
deviation of a travel speed signal representing the traveling
speed of the trolley and a speed reference signal specifying
a desired traveling speed of the trolley, and controls the
rotating speed of the traveling motor according to the torque
reference signalj;

a hoist motor for hoisting a hoist load by a hoisting

rope; and

This Sheet Has Been RTlaced

TR




a conponent nilg cos 6 of the gravity nﬂ% of the hoi st Ioad ‘and a
centrifugal force produced by the circul ar e'r,ﬂtﬂ“ﬂurnnﬁﬂutﬂ | oad as
t he hoisting rope swings. Since the velocity of enent of
|l oad is | ow and, hence, the centrlfuga forée I's fow as conpar ed
conmponent of the gravity of the hoist load, the centrifugal force
i's negligible. dhejrefvey ecohbpolengiin 9brt f’di"lhﬂ.lrfgtlﬁﬁdrcdlﬁ'lﬂﬁblslmﬁg agheal |y
mL. g cos [err]. Furthernore, as shown in FIG 5, a force F[err]

=mlg. cos heikt meesrlesklid coBtrod e9eRemebbmprikhAgtension of the hoisting .
rope, acts on the trolley. Since the angle [err] is very small, F[err]

Thus, §hgamBafg! @ont®oln ek GinidH | €t drinihdd et aﬁtﬁpi)ﬁgt BénkErgguct

t her hoi st
with the

equal to

g [err].
of the

speed correction signal (NRFDP) by using:

NRFDP = (20g/wEVR)(Ef) and wg = (g/Lg)1/2

where Ef is a swing angle of the hoisting rope, & is a set

damping factor, g is the gravitational acceleration constant,
VR is the traveling speed of the trolley corresponding to the
rated rotating speed of the traveling motor and Lg is the
measured length of the hoisting rope between the hoisting
drive drum and the hoist load, determined on the basis of the
rotating speed of the boist motor; and

a speed control means for controlling the rotating speed
of the traveling motor according to a corrected speed
reference signal (NRF1) obtained by subtracting the damping
control speed correction signal (NRrDp) from a speed
reference signal.

9. A control system for damping the sway of the
hoisting rope of a crane according to claim 8, further
comprising a swing angle computing element which calculates
the swing angle (Ef) of the hoisting rope on the basis of a
speed detection signal (NMFB) representing the rotating speed
of the traveling motor and the weight (m1g) of the hoist

load.
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gravity of the hoist load and the swi ngangle [err]. The present invention T
utilizes this fact for calculating the estlnated swi ng angl e

hoi sting rope on the basis of the load torque on the troll ey”m"gmumm,mnﬂ"l
met-hod of cal culating the swing angle on the second principle*uses tan* s

equation of notion representing the swing notion of the hoisting rope. The

estimat ed anguli@.fregiereyntresY | siisadmsefori sdampirgssathebyswagrréf the
=(g/L[err])[err] (13) where L[err] (m is the

| ength ofhdihsidii Hdpw roFpe abeewaae t Aecbpdshgnotelr i okathi urB andurthdoi st

| oad nmeasured by counting pul ses generated by a pul se generator associ ated

with the cyigritsiHg va shaihgofargdie hakskclBrOrforinde8ecting the swing
angle (Ef) of the hoisting rope.

11. A control system for damping the sway of the
hoisting rope of a crane according to c¢laim 9, further
comprising:

a motor accelerating torque computing element which
determines an estimated motor accelerating torque signal
(ETA) by multiplying a signal obtained by differentiating the
speed detection signal (NMrFB) representing the rotating speed
of the traveling motor by the mechanical time constant of the
traveling motor; and

a motor load torque computing element which determines
an estimated load torque signal (ETL) by subtracting the
estimated motor accelerating torque signal (ETA) from the
output torque reference signal (TRr) of the speed regulating
controller;

wherein the swing angle computing element obtains the
estimated swing angle (Ef) of the hoisting rope by filtering
a signal obtained by subtracting an estimated frictional
torque (ETF) produced by the load and ﬁéting on the traveling
motor from the estimated load torque (ETL) by the measured
weight of the hoist load, by a filter having a first-order

lag element.
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(m.secf[err]) is the gravitational accelggation constant--Substituting the
swing angle [err] (s), the notor speed err] angul ar frequency
[err] of the hoisting rope of the equation (4) gg’,ﬂ ﬂ mﬂ' sw ng .angl e
E [err] (s), the speed detection signal Nerr] nated
-10- angul ar frequency [err] respectively, and rearrangi ng the equati on
(4), we obtain:qp, A control system for damping the sway of the
hoisting rope of a crane according to claim 11, wherein the
estimated swing angle (Ef) of the hoisting rope is calculated
by using a corrected speed reference signal (NrrFo) obtained
by subtracting the damping control speed correction signal
(NRrpp) from the output speed reference signal (NRro) of the
linear acceleration starter device, instead of the speed
detection signal (NMFB) representing the rotating speed of
the traveling motor. |

13. A control system for damping the sway of the
hoisting rope of a crane according to claim 9, further
comprising:

a motor accelerating torque computing element which
determines an estimated motor accelerating torque signal
(ETA) by multiplying a signal obtained by differentiating the
-speed detection signal (NMFB) representing the rbtating speed
of the traveling motor by the mechanical time constant of the
traveling motor;

a kinetic frictional torque computing element which
determines an estimated kinetic frictional torque (ETF) on the
basis of the measured weight of the hoist load;

a computing means which determines an estimated kinetic

resistance (ETL11) produced by the hoist load and acting on

the trolley by multiplying the output signal (Ef) of a swing

is Sheet Has Been Reilaced
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?[1?1;”D| EI Ej?:]grg] bHW“EI"BmIIMHﬂtlHu géﬁgﬁag#l&( (1% L;r ;][ EE (ra]rrlan((jsz earr a.ngl ng the
same, we obtain:*E[errn] @#s)s{(¥Merr]/g)Nerr] (s)- [err] (S)/St([err]/s)

(15) The estimated swing angle of the hoisting rope is calculated by
constructing a control block diagram equivalent to the equation (15).
[ BRI EF DES@g1feT| édmpkt DRAVENETEnE| By lthe measuspéchieighti @f ofhe swspended

type crane conprising a travel drive unit, a hoist drive unit and a trolley
supportin@odade travel drive unit

a computing means which determines an estimated motor
torque signal (ETM) by adding the estimated motor
accelerating torque (ETA), the estimated kinetic frictional
torque (ETF) and the estimated kinetic resistance (ETL11); and

a computing means which determines a swing angle (Ef) of
the hoisting rope by filtering a signal obtained by
multiplying a deviation signal representing the deviation of
the estimated motor torque signal (ETM) from the output
torque reference signal (TﬁF) of the speed regulating
controller by a proportional gain (G), by a filter having a
first-order lag element.

14, A control system for damping the sway of the
hoisting rope of a crane according to claim 9, further
comprising:

a swing angle computing element wﬁich obtains a
deviation signal representing the deviation between a signal
obtained by dividing a signal obtained by multiplying the
speed detection signal (NMFB) representing the rotating speed
of the traveling motor by a traveling speed (VR) of the
trolley corresponding to the rotating speed of the motor by
the gravitational acceleration (g) and a signal obtained by
integrating an estimated swing angle (Ef) of the hoisting

This Sheet Has Been Replaced

HIIIIII M




and the hoist driv it; FIG 2is a 2%90K_diagran1of a prior art travel
dri vemmm ! Eﬁqﬁf%(c) are di agrams” expl ai ni ng the accel erating and
decel teristics of the prior art travel drive unit; FIG 4 is
a bl ock Jiagran1of a travel drive control unit in accordance with the
present invention;, FIG 5 is a dynam c, diagrammtic view in explaining

L Ior ces apfiged Bydt ke 11l dsoath oBsthRateq! ladguahra fﬁé}{lﬁa‘nc%l X wf) D
ock diagramof a travel drive control systemin a first enbodinént of the
present IJy@Miid%on of the hoisting rope by using
wg = (g/LE)1/2
where g is the gravitational acceleration constant and Lg is
the length of the hoisting rope between the hoisting drive
drum of the hoist apparatus and the hoist load; and
a computing means which calculates an estimated swing
angle (Ef) of the hoisting rope by integrating a signal
obtained by multiplying the deviation signal by the square of

the estimated angular frequency (wg) with respect to time.

This Sheet Has Been Reﬂlaced
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FIG 7 is a block diagramof a travel drive control systemin a secon
enbodi nent of the present invention; FIG 8 is a block diagramof at

drive contro
is-a block di

of the present invention; FIG 10 is a bl ock dlagran1o
control systemin a flfth enbodi nent of the present |n

systemin a third enbodi nent of the present invention;
agram of a travel drive control system |ﬂlsagh;epmstB}g

ABSTRACT
A control system which stabilizes the hoisting

rope of a suspension crane comprising a travel drive

d
ravel

FIG 9
Qghnent

control unit capable of calculating a torque reference

signal by a speed regulating controller having a
proportional gain and an integrator or only a
proportional gain on the basis of the deviation of a
speed detection signal representing the rotating speed
of a. traveling motor for driving the trolley of the
crane from a speed reference signal obtained by
subtracting a damping control speed reference correction
signai which is obtained by adding a damping factor to a
swing angle calculated on the basis of the speed
detection signal representing the rotating speed of the
traveling motor "or a calculated -load torque on the
traveling motor from a speed reference signal provided
through a linear acceleration starter device by a speed

reference device, of controlling the rotating speed of

the traveling motor according to the torque reference

signal, and of producing a damping effect for damping
the oscillation of the hoisting rope through the output
drive shaft of the traveling motor; a hoist motor for

hoisting the hoist load; and a hoist motor drive control



Substitute sheet - 14 August 1999 -11- FIG 11 is a diagranmatic view of a
rope-trolley crane having a stationary traver§bls dﬁaBm& gted stationary
hoi sting apparatus; and FIGS. 12(a)-12(c) are j’ g t he

accel erating and decel erating characteristics ve control
systemin accordance with the present invention for dr|V|ng and controlling
a trolley. [DESCRIPTION OF THE PREFERRED EMBODI MENT] Preferred enbodi nents
of the present invention will be described

unit. The control system suppresses the oscillation of
the hoisting rope resulting from the acceleration and
deceleration of the trolley, enabling the trolley to
travel at a relatively high speed and further enabling

the automatic operation of the crane.



“hereinafter with reference to the acconpanying drawings. FIGS. 6, 7, 8, 9
and 10 are bl ock diagrans of travel drive control systens provided with a
speed regul ating controller, enbodying the present invention for driving a-
trolley, in which conponents..like or corresponding to those of the travel
~drive control system descri bed previgpﬁﬂj[mdth reference to FIGS. 1 and 2
are designated by the sane designations and denoted by the sane reference
characters. The descriptions thereof will be onmtted. Referring to FIG 6 .
showing a travel drive control systemin a first enbodi ment of the present
i nvention, when feeding back the output signal of the speed detector 14
associated with the dr i gpegd dedéctoofdhe travel i ng notor

,Traversing electricmotor 11,

Electric hoisting motor 42 ! Speed detector 14
43 T L -
Hoist gear 4 ~— ' ’ 13 Trolley 1
Hoisting drum 41
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m; 2 8
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11 .to a speed reference signal NRF1 obtained by subtracting a danpi ng
control speed reference correction signal NRFDP fromthe output signal

N err] of the speed reference device 21, a signal
26 -having a first- order lag element is fed back. When a speed devi ation

signal representing the deviation of $hplsbeed detection signal Nerr] from
the speed reference signal NRF1 is given to the speed regulating controller -
23, the speed regulating controller 23%)rovi des a torque reference signal.
TRF obt ai ned by addi ng a signal~"whi'ch & obtained by miltiplying the speed
devi ation signal by a proportional gaitf; A and a signal obtained by
integrating the signal obtained by nul g &I ying the speed devi ation signal
by the proportional gain Awth E ' '
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respect to a tinme constant [err] 1. If the speed regulating controller 23
-has only the proportional gain A a signal obtained by nmultiplying the
speed devi ation signal by the proportional gain Ais used as the torque
‘reference signal T[err]. The operation of a notor accelerating torque
conmputi.ng el ement 30 will.be described fieldi nafter. Upon the reception of
the notor speed detection signal Nerr], the notor accelerating torque
conmputing el enment 30 provides a signal ETA

FIG.3
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-nferr](p. u) of the trolley 1 neasured beforehand and the weight nferr] (p.
u) of the hoist |oad 6 determ ned on the basis of a torque reference value
given to the hoist notor 42 or the top )uﬁrlof t he hoist motor 42 during the *

hoi-sting of the hoist |load 6 at a con&tant* rate by a conversion factor KILE

for converting the sumintogthe frictional torque of the driving shaft of
the trolley. A swing angle gonputing elenment 32 -will be described _
hereinafter. Wien cal cul ati g an estimated swing angle E [err] (rad) of the’
hoi sting rope, a signal ETLZ(p. u) obtained by adding a signal obtained by
subtracting the notor acceld&rjati ng torque signal ETA (p. u) fromthe torque

reference signal T . r ovi ded by the speed regulating controller 23
and the —~
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estimated frictional torque (p. u) is divided by the weight mE (p. u) qf:-"

the hoist load 6, and the signal thus obtained is filtered by a filter ___. "

having a first- order |ag el ement wﬁbh iltine constant [err] (sec)
indicates that a ratio to a rated to d&e or the nmotor is given. The
operation of a danping contgoller 33 for danping the oscillation of the
hoi sting rope will be descr&@bed hereinafter. The danping controller 33"
calcul ates a speed correcti®g signal NRFDP (p. u), represented by a ratio
to a rated speed of the rmmgr, for danping control on the basis of the
estimated swing angle E [e&] (rad), a set danping factor [err], the
gravitational acceferation gj(msec[err]), the traveling speed VR (nifsec)
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where [err] =(g/L[err])[err]. Wen the speed regulating controller 23 .
receives the deviation of the speed detection signal Nerr] (p. u) froma

speed reference signal Nerr] (p. U obtained by subtracting the speed we .-~

reference correction signal Nerr] (8./1Y for damping control fromthe
speed reference signal NRFO provided by a linear acceleration starter
device 22, the speed regul afing controller 23 controls the rotating speed
N err] of the notor to varyaccording to the speed reference signal

Nl err](p.u) indicates that Jfe speed values are represented by a ratio to a
rated speed of the notor. B Hs, the oscillation of the hoisting rope is
danped at the danping 0
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factor [err]. A second enbodi nent of the present invention will be
described hereinafter with reference to FIG 7, in which only those B
conponents that are different fron1%?zse of the first enbodi ment shown TH
FIG 6 will be described. The speed flek ence signal NRF1 is given to the
traveling notor accelerating torque conmputing elenment 30 of the second
enbodi ment, instead of thejmotor speed detection signal NVFB which is given:
to the acceleratlng torque=conput|ng el enent 30 of the first enbodinent. In:

the second enbodi ment, thex®stimted notor accelerating torque signal ETA o

i s obtained by nultlplylnq%a signal obtained by filtering a signal
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“which is obtained by differentiating the speed reference signal Nerr] by :

the accel erating torque conputing elenent 30 by a filter having a
first-order lag elenent with a ti 6ﬁ£ﬁg€nt of [err] by the mechanica
time constant [err] of the travel?ﬁb 11. A third enbodi nent of the
present invention will be described hereinafter with reference to FIG 8.
The only conponent of the third enbodi nent shown in FIG 8 that is
different fromthat of the first enbodi ment shown in FIG 6 is a sw ng
angl e conputing el enent 32A, which is different fromthe swing angle
conputing elenent 32 of the first enbodiment, while the rest of the
conponents of the

® ()
B B
8
& o oS
=) o U
[,
oolLo
Vel ~
NS
for)
Yl
g gi

—~85

N

G 11
72 ﬁ
%7

[
3]
-_..—‘-—-
o
LS~
vl
oy
o~
=110 5 = 3
B )
o
B T R
. o o
e
el «©
e
. ¢
[{a]
8
™~
<L

IIIIIIIllfllllll_ll\l‘lilllllllllllllll]

67




thiyd enbodi nent are identical with those of the first enbodi nent. Thus,
“only the swing angle conputing el enent 32A will be described herein. The
swi ng angl e conputing el enent 32A adds the traveling resistance ETL11 (p.
u) 'of the hoist |oad against the tri el HE the troll ey, obtained by

.multiplying the output signal E [er }i{ eof by the neasured wei ght mlE,

t he -14- traveling frictional torque ETF and the accel erating torque ETA

FIG. 12
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the traveling notor to deternine an estiwgted torque ETM (p. u) of'?¢¥fe
not or. The swi ng angl e conput Hgﬁéﬁﬁhent 2A cal cul ates the devi ation of

t he esti mat ed-fot-of-4 orque m the output’ torque reference signal T[err]
(p.u) of the spee ngicontrol ler and..filters a siqgpal obtained by
mul tiplying & deviation-signal |represent §H§s¥'{'}geo€"\ﬁ%¥t'i ﬁ%%%ptg 5pR28 onal
gain G by a filit en -having,.a flidst-order lag to provide the swing angle E
[err] (rad).EA'fouth“eWU8diﬁth of the present invention will be described

herei nafter Vi tth—eference-td FIG 9, in which only those components of the
fourth enbodﬁnent shown in FI : 9 that are different fromthose of the
first enmbodi nentsHownirnE+G- 6 mAIIAgngﬁé@ribed.

METHOD AND APPARATUS OF DAMPING THE SWAY OF THE HOISTING ROPE
OF A CRANE

A control system for damping the swéy of the
hoisting rope of a suspension crane comprising a trolley
.drive control unit, a hoist motor for hoisting a hoist
load by a hoisting rope, and a drive control unit for
driving and controlling the hoist motor. The trolley
drive control unit includes a traveling motor for

/ driving the trolley of the crane, and a speed regulating
.controller which calculates a torque reference signal on
the basis of a deviation signal representing the
deviation of a travel speed signal and a speed reference
signal, and controls the rotating speed of the traveling
motor according to the torque reference signal. . The
control system sSuppresses the oscillation of the
hoisting rope resulting from the acceleration and
deceleration of the trolley, enabling the 'trolley to
travel at a relatively high speed and further enabling

the automatic operation of the crane.

(Please note that Figure 6 should accompany the abstract when published)
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o wsi-¥ IS
Wher eas Lhe first enbodl rrent cal &ul at es the swing angle on the basis of the

| ead torque on.the I-rzavel 1 ngf-mﬂ &%, ;the fourth enbodi nent cal cul ates the
sane by ‘a SN/ A g-_- Tput:: g._%i,e.l..er*[ent 34 on the.basis of the rotating
speed of,/t Lo 139 DL which jis th It cddfu th
enbodi rrent from the first enbodi ment. The swi ng angl e conputing el enent 34
provi des, an.est.i rr&ted svm.ﬂ angl e E i[e T] (rad) obtained by calculating the

devi at i on” bet.ween & si. )t-i- ned di vi di n naI obt ai ned b
mul ti plying t MEKHRRA t“@@ﬁW‘-@ ﬁ AW'&G THgéwﬁ)f B PHEHOISTING
rotating speed of the traveling Bve travel | ng speed V[err] (n sec)

of the tr gdseyptiohr esponding to thel r at ed speed of
[FIELD OF ART]

The present invention relates to a control method and apparatus of
damping the sway of the hoisting rope of a suspended type crane comprising
a tfolley mounted with a travel apparatus and a hoisting apparatus, or a rope-
trolley container crane comprising a traverse apparatus and a hoisting
apparatus.

The document DE-A-2 005 323 is directed to controlling the sway of a
load by feeding back a signal which is proportional to a swing angle of a rope.

In the document "PROCEEDINGS OF THE EIGHTH TRIENNIAL
WORLD CONGRESS OF THE INTERNATIONAL FEDERATION OF AUTOMATIC
CONTROL, vol.4, 24 August 1981, KYOTO, JAPAN, pages 1885-1890 E.OHNISHI
ET AL." a control system is disclosed, consisting of a trolley traveling position
system, a damping the sway control system and a speed control system.

The document DE-A-3513007 discloses a control method of a sway of a
load by determining an amount of a trolley traveling speed correction value
adaptive to various driving states of a crane by using a fuzzy interference, and
executing a control of trolley traveling speed by a trolley traveling S'péed
reference corrected by the amount of correction value. :

In document JP-B2-54-37377, a device is described for adding the sum
of the swing angle detected after completing traveling acceleration or
deceleration and the load swing angular velocity to the traveling speed
reference signal as a correcting signal.

In the invention of JP-A1-59-203093, a sway is damped by adding a
reversmg signal of a change of a motor current produced by a load swinging,
to a speed reference signal.

The document JP-A1-60-44487 discloses a single processing apparatus
which calculates a swing angle of a load in real time from a signal detected by
a load swing angle detector in consideration of a disturbance.

In the document JP-A1-60-106795, an invention is presented in which a
correction signal which cancels a monotonous damping term of a sway of the
load is calculated from g detected swing angle signal detected by a load swing
angle detector and then the correction signal is added to the traveling speed

reference signal. This is the replacement sheet -
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the traveling notor by the gravitational acceleration (msec[err]) and a
signal obtained by integrating the estimated swing angle E [err] (rad)

provi ded by the swi ng angle conputing ele n% 31 with respect to tine, and
integrating a signal obtained by multi pzyﬁmmw
representing the deviation by the square of an estimated angul ar frequency
[err] (rad/sec) cal culated by using the equation (13) using the neasured
|l ength LE (n) of the hoisting rope between the hoisting drive drum of the
hoi sting apparatus and the hoist |oad and the gravitational acceleration g
(msec.sup.2) with respect to tinme. Afifth enbodi nent of the present

i nvention ysACKEROEND dpem@ﬁqggan@ﬁr] with reference to FIG 10, in which

only those respects differi

Referring to FIG. 1, in a suspended type crane comprising a trolley
mounted with a traveling apparatus, and a hoisting apparatus, the trolley 1 is
generally provided with wheels 2 that roll along rails 3, and said wheels 2
being driven through a reduction apparatus 12 by a traveling motor 11
mounted on the trolley 1. An electromagnetic brake 13 and a speed detector
14 for detecting the rotating speed of the traveling motor 11 are connected
with the output drive shaft of the traveling motor 11.

A hoisting apparatus 4 provided with a hoisting drive drum 41 is
mounted on the trolley 1. The hoisting drive drum 41 is driven for rotation
through a reduction apparatus 43 by a hoist motor 42. An electromagnetic
brake 44 and a motor speed detector 45 comprising a pulse signal generator
are connected with the outpUt drive shaft of the hoist motor 42. A hoisting
rope 5 is wound round the hoisting drive drum 41, and the hoisting rope 5
suspends a hoist load 6. .

A travel drive control unit 20 controls the traveling motor 11 to control
the traveling speed of the trolley 1. Referring to FIG. 2 showing the
configuration of the travel drive control unit 20 in a block diagram, a speed
reference device 21 gives a speed reference signal to a linear acceleration
starter device 22. A speed regulating controller 23 provided with a
proportional gain A and an integrator having a time constant t 1 ampilifies the
difference between a ramp speed reference signal N provided by the linear
acceleration starter device 22 and a speed feedback signal Nys provided by
the speed detector 14, and provides a torque reference signal Tg. The torque
reference signal Tge is given to a motor torque controller 24 which controls the
torque T, of the traveling motor 11 at a first-order lag time constant t; to
control the rotating speed of the traveling motor 11. The speed feedback
signal Nyeg is produced by a first-order lag element on the base of the motor.
The block 25 represents the mechanical time constant 7, of the traveling
motor 11. Ny is the rotating speed (p. u), i.e. expressed as a ratio to a rated
rotating speed. The block 27 represents a kinematic model of the swing
angle of the hoisting rope. The block 28 represents load torque T, (p. u) as a
ratio to rated torque acting on the motor.

In the block 27, Vi is the traveling speed (m/sec) of the trolley 1

This is the repiacement sheet
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fromthe fourth enbodi nent showmn in FIG 9 will be described. A danping
controller 35 enployed in the fifth enbodi nent has both the arithnetic

functions of the swing angle conputing el enent 34 and the in
control ler 33 of the fourth enbodi ment, 5an §H§Utﬁe‘}‘q¢55 1£2‘

speed VR of the trolley correspondi ng i'g'the rated rotating speed of
Substitute sheet - 14 August 1999 -15-

corresponding to the rated speed of the traveling motor 11, g is the
gravitational acceleration constant (m/sec?), w is the angular frequency
(rad/sec) of swing motion of the hoist load 6, L is the length of the hoisting
rope 5, and 8 is the swing angle (rad) of the hoisting rope 5. Therefore, w
=(g/L)"2.

In the block 28, m, is the load (p. u) as a ratio to rated torque on the
trolley 1, m, is the weight (p. u) as a ratio to rated torque of the hoist load 8,
and k, is a conversion factor for converting frictional torque produced by the
total weight of the trolley 1 and the hoist load 6 into load torque on the driving
shaft of the troliey 1.

In the travel drive control unit 20 shown in FIG. 2, when the traveling
speed of the trolley 1 is controlled according to the ramp speed reference
signal Nge provided by the linear acceleration starter device 22 in response to a
high-speed or low-speed reference signal provided by the speed reference
device 21, the hoisting rope 5 oscillates according to the acceleration and
deceleration of the trolley 1. When the acceleration or deceleration of the
trolley 1 increases, the swing angle of the hoisting rope 5 increases
accordingly. A conventional method of stopping the oscillation of the
hoisting rope has been to regulate the traveling speed of the trolley manually
according to the state of sway of the hoist load during the acceleration or
deceleration of the trolley. |

FIG. 3 shows the respective variations of the rotating speed.of the
motor, the swing angle of the hoisting rope, the torque of the motor, and the
load torque with variations of the speed reference signal. As is obvious from
FIG. 3, the hoisting rope oscillates continuously during the acceleration and
deceleration of the trolley, and the traveling speed of the trolley is unstable.
In FIG. 3, the swing angle @ of the hoisting rope is expressed in degrees (° ).

Since the operator of the crane must control the trolley for
acceleration or deceleration while observing the state of sway of the hoisting
rope, stopping the oscillation of the hoisting rope requires that the trolley be
accelerated or decelerated at a very slow rate when the trolley is controlled
from a remote place or the trolley operates automatically, which reduces the
transportation ability of the crane remarkably.

[SUMMARY OF THE INVENTION]
Accordingly, it is an object of the present invention to enable a crane
This is (ne rspiecement sheed
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the traveling notor. Accordingly, when the same speed detection signals are
applied respectively to the danping controller 33 of the fourth enbodinent
and the danping controller 35 of the fifth _enbadi nent, the qutput

t he danping controller 35 is the same 2‘2 t BMPsHiute er?iﬁnl“'l% ﬁ r 33
A-transfer function between the speed détection signal N[err] i.e., t he

I nput signal of the swing angle conputing el enent 34 of the fourth

enbodi ment, and t he danpi ng control speed reference correction signal

Nl err], the output signal of the danping controller, is expressed by:

g‘} Fre; ]r ]( \S/% gtr51£ ?Fé}aﬁt@ agtdnaiedlly/ Nith GRET b / travetingl " b/ BigH rdpddd R Lerr]
suppressing the oscillation of the hoisting rope attributable to the acceleration
or deceleration of the trolley.

The present invention provides a method of damping the sway of the
hoisting rope of a suspended type crane comprising: a trolley; a traveling
motor for driving the trolley for traveling; a travel drive control unit which
calculates a torque reference signal by a speed regulating controller having a
proportional gain and an integrator or only a proportional gain on the basis of
a deviation signal representing the deviation of a speed signal which
represents the traveling motor speed detected by a speed detector from a
speed reference signal for controlling the rotating speed of the traveling motor
provided by a speed reference device through a linear acceleration starter
device, and controls traveling motor speed according to the torque reference
signal; a hoist motor for hoisting a hoist load; and a driving controller for
controlling the hoist motor. The method calculates the damping control
speed correction signal Nggpp 0f a damping controller by using:

Nrrop=(2 0 g/w¢ VRI(EG), w; =(Q/LE)1/2

where (E8) is an estimated swing angle of the hoisting rope estimated by a
swing angle computing element, 8 is a set value of damping factor, g is the
gravitational acceleration constant, Vg is the traveling speed of the trolley
corresponding to the rated traveling motor speed, and L; is the measured
length of the hoisting rope between the hoist load and the hoisting drive drum
driven by the hoist motor, and controls the rotating speed of the traveling
motor according to a speed reference sighal (Ngg,) obtained by subtracting the
damping control speed correction signal Ngqpe from the speed reference signal
(Ngeo) proviéled by the linear acceleration starter device to damp the sway of
the hoisting rope.

Four calculating means are available for calculating the estimated
swing angle (E 8) of the hoisting rope.

A first calculating means determines the estimated swing angle (E8)
of the hoisting rope by determining an estimated motor accelerating torque
signal (ETA) by multiplying a signal which is obtained by passing a signal
obtained by differentiating the detected speed signal (Ngg) of the traveling
motor through a filter having a first-order lag element by the mechanical time

This is the replacement sheet
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=2[err]{[err]S/S[err]+[err])} (17) A transfer
function between the speed detection signal Nerr], i .e.Ej tEe ijnput si gnal
of the danping controller 35 of the fifth enbodi nent, and the danp

control sggedgref erence correction signaj. NPUR§ttute sheet + 14 Augusit 1§ﬁnal
of “the danmping controller 35, is expressed by N[err](s)/N[err](S) =2 [err]
[([err]/S)/{1 +([err]/S[err])}] =2 [err] {[err]S/S[err]+err])} (18)
Thus, the transfer functions expressed respectively by the equations (17)
and (18) are identical. Al though the present i nvention is applicable to
cranes comfanstapi af thewtravelipgametars by aa atori angelgrptinatiosquansamputing | ey

carrying t hfeffedYetermines an estimated load torque signal (ETL) by subtracting the -

estimated motor accelerating torque signal (ETA) from the output torque
reference signal (Tg;) of the speed regulating controller, obtained by a motor
load torque computing element, and determines the estimated swing angle (E
) of the hoisting rope by filtering a signal, which is obtained by dividing a
signal obtained by subtracting the frictional torque of the load on the traveling
motor from the estimated load torque (ETL) by the measured weight of the
hoist load, by a filter having a first-order lag element.

A second calculating means uses the speed reference signal (Ngg,)
obtained by subtracting the damping control speed correction signal (Ngepp)
from the output speed reference signal (Ngg,) of the linear acceleration starter
device, instead of the speed detection signal (N) representing the rotating
speed of the traveling motor which is used by the first calculating means.
When calculating the motor accelerating torque, the first calculating means
multiplies the signal obtained by differentiating the speed detection signal by
the mechanical time constant of the traveling motor, while the second
calculating means multiplies the signal obtained by differentiating the speed
reference signal (Ng) obtained by subtracting the damping control speed
reference correction signal (Nggpp) from the output speed reference signal
(Ngeo) Of the linear acceleration starter device by the mechanical time constant

~of the traveling motor.

A third calculating means determines the estimated motor
accelerating torque signal (ETA), which is obtained by multiplying a signal
obtained by filtering a signal obtained by differentiating the speed detection
signal (Nyg) representing the rotating speed of the traveling motor, by a filter
having a first-order lag element by the mechanical time constant of the
traveling motor, determines the estimated kinetic frictional torque (ETF) acting _
on the trolley from the measured hoist load by the kinetic frictional torque
computing element, determines an estimated kinetic resistance (ETL11) of the
hoist load that acts on the trolley by multiplying the estimated swing ahgle (E
#) provided by the swing angle computing element by the measured hoist
load, and determines the estimated torque signal (ETM) of the motor by
adding the estimated motor accelerating torque signal (ETA), the estimated
kinetic frictional torque (ETF) acting on the trolley and the estimated kinetic
resistance (ETL11) that acts on the trolley.

This is the replacement sheet



apparatus and the hoisting apparatus, the present invention is applicable
al.so to a rope-trolley crane conprising a stationa{y traveLse apparatu;, a
stationary hoisting apparatus, and a traverse troll ey, such as a contai ner
crane as Zhown in I%I Gppll. Shown in FI G_6_11S%b$11’€yt$ SEQQ?SQ%BMO, a
rail 51, a traverse trolley 52, a hoisting apparatus 53, a container 54,
I.e., a hoist load, a controller 55, a traversing rope 56, wheels 59, a
drive drum 61 for driving the traversing rope, a.reduction apparatus 62, an
el ectric traversing notor 63, an el ectromagnetic brake 64, a speed detector

65, guide rollersTiy swithgb@ngte h@ ot) rd thd Vieoieting rdpe ds' AeteFHIiNgd by

Sglto 22? 2;157&2(:2&188@@% Sthg)e:vgag@%tﬁg egslti?ncattég o rlleetsligna r(%ﬁ/l)@f}dm%hg %(a?gut
torque reference signal (Ty:) of the speed regulating controller, and filtering
the obtained signal by multiplying the deviation by a proportional gain (G) by
the filter having a first-order lag element. '

A fourth calculating means calculates the estimated swing angle (E8)
by calculating the deviation between a signal obtained by dividing a signal
obtained by multiplying the speed detection signal (N, representing the
rotating speed of the traveling motor by the traveling speed (V;) of the trolley
by the gravitational acceleration (g), and integrating, with respect to time, a
signal obtained by multiplying the deviation by the square of the estimated
angular frequency (w¢) calculated by using the expression:

we =(g/Lg)"®

where g is the gravitational acceleration constant and L; is the measured
length of the hoisting rope.

The operation of the controller to suppress’ the oscillation of the
hoisting rope by the method of the present invention, and the principle by
which the oscillation of the hoisting rope is suppressed will be described
hereinafter.

Referring to FIG. 4, the swing angle 8 (rad) of the hoisting rope is
determined by a known equation of motion:

d?6/dt? + w?8 =(w?/g)(dV, /dt) 4)

where w =(g/L)"?, V, (m/sec) is the traveling speed of the trolley and L (m) is
the length of the hoisting rope.

The relation between the traveling speed V1 and the motor speed N,, is
expressed by:

V,=Viz Ny (2)
Substituting the equation (1) into the equation (2), we obtain

26 /dt2 +w? 6 =(w? Vs /g)(dN,/db) - (3)

This is the replacement sheet
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suspendi ng portion 77, a hoisting accessory 80, guide rollers 81 to 89 and
a w nding drum90. Terns "travel control" and "travel frlpt!onalhtorquE"d
used in This is the replacenent sheet Date: -16- describing the netho
of controlling the travel apparatus arepreﬁﬂ&EE&!Eiﬁhe$hTﬂﬂnAHaﬂﬂklggg
control"™ and "traverse frictional torque", respectively, in the

Rearranging the equation (3) by using Lap!ace operand s, we obtain
s?0 (s)+w?8 =(w? V/g)sN,, (s) | 4)
Therefore,
6 (s)={w? s/(s* + wH)}(Vr /g)Ny(s) (5)

The equation (5) is equivalent to the kinematic model of the swing
angle of the hoisting rope represented by the block 27.

A function 0 () for accelerating the traveling motor at a fixed
acceleration « (p. u/sec), that is a ratio to a value that is obtained by dividing

a rated speed by time, is expressed by using the expression (4), assuming that
8 =0 when t=0,

8 (t)=(Vy a/g)(1-coswt) (6)

It is known from the equation (6) that the swing angle 8 oscillates.
When the trolley starts accelerating, the hoisting rope starts oscillating. After
the acceleration of the trolley has been reduced zero, the resistance of air and
the like acting against the oscillation of the hoisting rope are the only forces
that damp the oscillation of the hoisting rope. Therefore, it takes a-
considerably long time for the oscillation to stop. The oscillation of the
hoisting rope can be damped by controlling N,, (s) of the right-hand member
of the equation (4) so that Ny (s) includes a function of =8. Therefore, the
right-hand term of the equation (4) is written as:

(w?Va/g)sNy, (s)=(w? V. a/g)(1/s)28 ws 8 (s) (7)

where & is a damping factor.
Rearranging the left-hand member of the equation (4) and the right-

hand member of the equation (7) for @ (s), we obtain:

s?0 (s)+20 ws B (s)+w?8 (s)=(w?Vra/g)(1/s) | (8)

Giving the initial condition: 8 (t)=0 when t=0, from the equation (8)

This is the repiecement sheet
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met hod of controlling the traverse apparatus shown in FIG 11, and the
terns "travel" and "traverse" are represented inclusively by the term
"nmove" in the appended clains. FIG 12, which corre ondsi FI G 3 hows
the operating characteristics of the tr Iléﬂgéwgii)ﬁ;bb_&i@ﬂﬁﬂh of
danpi ng the sway of the hoisting rope i accordance with the present
invention. As is obvious fromFIG 12, the speed varying characteristics of
the trolley are stabilized as conpared with those shown in FIG 3. As shown

in FIG 4, a swing angle of the hoisting rope detected by a swing angle
detector 29,8B¥tdif. used instead of the estimated swing angle

8 =(Vga/g)[1+{exp (-6 wt)/(1-6%) " }sin {w(1-6)"t-¥ }] (9)

where ¥ =tan” {-(1-6%)"/5}

It is known from the equation (9) that the angular frequency of the
hoisting rope approaches 0 and the oscillation of the hoisting rope can be
suppressed when the damping factor .delta. is increased from 0 and
approaches 1.

Rearranging the equation (7), we obtain:

Ny (8)=(a/s?)-(26 g/wVy) 8 (s) (10)
Inverting both sides of the equation (10), we obtain:
Ny D=at-(26g/wVg) 6 (1) (1n

The first term of the right-hand member of the equation (11)
represents the motor speed during acceleration at an acceleration rate of «,
which is approximately equal to the output speed reference signal Ngg, of the
linear acceleration s_tarter.device (FIG. 4).

The second term of the right-hand member of the equation (11)
represents a damping signal for suppressing the oscillation of the hoisting
rope and is a function of swing angle @ and angular frequency .

Thus, a speed reference signal is given to the travel drive control unit
so that the rotating speed N,, (p. u) coincides with the speed expressed by the
equation (1'j).

The speed reference signal Ngy (p. u) to be given to the travel drive
control unit for controlling the traveling motor is expressed by:

Ngrr =Ngro “Nreop =Nge-(20 g/ w e VRJE 8 (1) (12)

where w, =(g/Ly)"

When the speed reference signal N.sub.RF1 expressed by the equation
(12) is given to the travel drive control unit to control the traveling motor so
that the motor speed varies according to the speed reference signal, the

Tres is e repiecemeni sheet
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determ ned by the swing angle conputing elenent 38 for the control
operation. As is apparent fromthe foregoing description, according to the

present invention, the oscillation of the Eoi st n% _r_oge a,}éri but ab! g ﬁo t he
accel eration or deceleration of the trgle tl _ Y ' y

wi't hout requiring a nmanual oscillation“Suppressing operation fromthe
operator of the crane. Accordingly, the trolley is able to travel at a
relatively high speed, and the autonmatic operatjion of the crane remarkably

enhances the transporting ability of the crane. [INDUSTRI AL FEASI BI LI TY]
oscillation of the hoisting rope can be suppressed.

Two principles by which the swing angle of the hoisting rope is
calculated will be described hereinafter. '

A first method of calculating the swing angle on the first principle
utilizes the dynamic action of the hoist load on the drive system of the trolley.

.First, the way that the load torque on the traveling motor resulting
from the action of the hoist load on the driving system of the trolley is a
function of the swing angle 9 will be described.

Referring to FIG. 5, showing forces received by the trolley from the
hoist load in a dynamic diagram, the tension of the hoisting rope is the sum of
a component mig-cos 8 of the gravity mig of the hoist load, and a
centrifugal force produced by the circular movement of the hoist load as the
hoisting rope swings. Since the velocity of the circular movement of the
hoist load is low and, hence, the centrifugal force is low as compared with the
component of the gravity of the hoist load, the centrifugal force is negligible.
Therefore, the tension of the hoisting rope is substantially equal to m1g-cos 8.

Furthermore, as shown in FIG. 5, a force F, =m1g-cos8 -cos @, ie, a
component of the tension of the hoisting rope, acts on the trolley. Since the
angle 6 isverysmall,F, =m,gé.

Thus, the load torque on the trolley is a function of the product of the
gravity of the hoist load and the swing angle 8. The present invention
utilizes this fact for calculating the estimated swing angle E@ of the hoisting
rope on the basis of the load torque on the trolley.

A second method of calculating the swing angle on the second
principle uses an equation of motion representing the swing motion of the
hoisting rope. The estimated angular frequency w (rad/sec) is expressed by:

we =(g/Lp" (13)

where L (m) is the length of the, hoisting rope between the hoisting drive
drum and the hoist load measured by counting pulses generated by a pulse
generator associated with the output drive shaft of the hoist motor, and g
(m/sec? is the gravitational acceleration constant. |
Substituting the swing angle & (s), the motor speed N, (s) and the
angular frequency w of the hoisting rope of the equation (4) by the estimated
swing angle E 9 (s), the speed detection signal N, (s) and the estimated

This is the replacement sheet
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The present invention is applicable to controlling swing signals
representing the swing motion of the hoisting rope of a suspension crane
conprising.a travel apparatus, a hoisting gpparatus and a 5 éyl ng
the travel apparatus and the hoi st i ng appa 1ibgLity ot St ant
conprising a rope-trolley traverse app&¥atus and a h0| sti ng apparat us.

-17- Cains

angular frequency wy, respectively, and rearranging the equation (4), we
obtain:

SPEQ (s)=(wg Vr/0)sNys (8)-w ¢ 2E B (s) (14)

Dividing both sndes of the equation (14) by s® and rearrangmg the
same, we obtain:

E & (s)={(Vr /)Ny (5)- 6 (s)/sHw ¥/s) (15)

The estimated swing angle of the hoisting rope is calculated by
constructing a control block diagram equivalent to the equation (15).

[BRIEF DESCRIPTION OF DRAWINGS]

FIG. 1 is a perspective view of a suspended type crane comprising a
travel drive unit, a hoist drive unit and a trolley supporting the travel drive
unit

and the hoist drive unit;

FIG. 2 is a block diagram of a prior art travel drive unit;

FIGS. 3(a)-3(c) are diagrams explaining the accelerating and deceleratmg
characteristics of the prior art travel drive unit;

FIG. 4 is a block diagram of a travel drive control unit in accordance with
the present invention;

FIG. 5 is a dynamic, diagrammatic view in explaining forces applied by
the hoist load on the trolley of a crane;

FIG. 6 is a block diagram of a travel drive control system in a first
embodiment of the present invention;

FIG. 7 is a block diagram of a travel drive control system in a second
embodiment of the present invention;

FIG. 8 is a block diagram of a travel drive control system in a third
embodiment of the present invention;

FIG. 9 is a block diagram of a travel drive control system in a fourth
embodiment of the present invention;

FIG. 10 is a block diagram of a travel drive control system in a fifth

embodiment of the present invention; This islthe |
18 i fapiacement sheet
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1. A nmet hod of damping the sway of a hoisting rope (5) of a suspension
crane conprising a trolley drive control unit including a travellng not or-
(11) for driving a trolley (1); a hoist not

|l oad (6); a swing angle (E[err]) of th o st
notor drive control unit for driving & controlllng the h0|st nDtor (42);
said nethod conprising the steps of: detecting the traveling speed of the
trolley (1) and producing a speed signal in response thereto; determning a
torque reference signal by neans of a speed

FIG. 11 is a diagrammatic view of a rope-trolley crane having a stationary
traverse apparatus and a stationary hoisting apparatus; and

FIGS. 12(a)-12(c) are diagrams showing the accelerating and decelerating
characteristics of a travel drive control system in accordance with the
present invention for driving and controlling a trolley.

[DESCRIPTION OF THE PREFERRED EMBODIMENT]

Preferred embodiments of the present invention will be described
hereinafter with reference to the accompanying drawings.

FIGS. 6, 7, 8, 9 and 10 are block diagrams of travel drive control
systems provided with a speed regulating controller, embodying the present
invention for driving a trolley, in which components like or corresponding to
those of the travel drive control system described previously with reference to
FIGS. 1 and 2 are designated by the same designations and denoted by the
same reference characters. The descriptions thereof will be omitted.

Referring to FIG. 6 showing a travel drive control system in a first
embodiment of the present invention, when feeding back the output signal of
the speed detector 14 associated with the driving shaft of the traveling motor
11 to a speéd reference signal NRF1 obtained by subtracting a damping
control speed reference correction signal Ngppe from the output signal Ngg, of
the speed reference device 21, a signal N, filtered by a filter 26 having a first-
order lag element is fed back. When a speed deviation signal representing
the deviation of the speed detection signal Ny, from the speed reference
signal Ngg, is given to the speed regulating controller 23, the speed regulating
controller 23 provides a torque reference signal Tge obtained by adding a
signal which is obtained by multiplying the speed deviation signal by a
proportional gain A, and a signal obtained by integrating the signal obtained
by multiplying the speed deviation signal by the proportional gain A with
respect {o a time constant 1. If the speed regulating controller 23 has only
the proportional gain A, a signal obtained by multiplying the speed deviation
signal by the proportional gain A is used as the torque reference signal Tge.

The operation of a motor accelerating torque computing element 30
will be described hereinafter.

Upon the reception of the motor speed detection signal Ny the
motor accelerating torque computing element 30 provides a signal ETA
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regul ating controller (23) on the basis of a deviation signal representing
a.devi ation of said speed signal froma speed reference signal; controlling
the rotating speed of the traveling notor accordi ng aid t e
reference signal; detecting a swing angle &j&m‘?te)shﬁeﬁ‘h&ﬁﬁ“wﬁnﬁﬁgpe
(5) by said swing angle detector (29); -t2i cul ati ng a danpi ng control speed
correction signal (NRFDP) by a danping controller (35) by using:

N err]={(2[err] g)/([err]V[err])}(E[err]) and [err]=(g/L[err])[err]

obtained by filtering a signal which is obtained by multiplying the differential
of the motor speed detection signal Ny, by the mechanical time constant 7,
of the traveling motor 11 by a filter having a first-order lag element having a
time constant .. The signal ETA is an accelerating torque signal for
accelerating the traveling motor 11.

The operation of a motor frictional torque computing element 31 will
be described hereinafter.

An estimated frictional torque ETF (p. u) signal representing the
frictional torque of the trolley is obtained by multiplying the sum of the weight
mMee(p. u) of the trolley 1 measured beforehand and the weight m,¢ (p. u) of the
hoist load 6 determined on the basis of a torque reference value given to the
hoist motor 42 or the torque of the hoist motor 42 during the hoisting of the
hoist load 6 at a constant rate by a conversion factor K1E for converting the
sum into the frictional torque of the driving shaft of the trolley.

A swing angle computing element 32 will be described hereinafter.

When calculating an estimated swing angle E 8 (rad) of the hoisting
rope, a signal ETL (p. u) obtained by adding a signal obtained by subtracting
the motor accelerating torque signal ETA (p. u) from the torque reference
signal Tg (p. u) provided by the speed regulating controller 23 and the
estimated frictional torque (p. u) is divided by the weight m1E (p. u) of the
hoist load 6, and the signal thus obtained is filtered by a filter having a first-
order lag element with a time constant t. (sec) indicates that a ratio to a
rated torque or the motor is given.

The operation of a damping controller 33 for damping the oscillation of
the hoisting rope will be described hereinafter.

The damping controller 33 calculates a speed correction signal Nggpe
(p. u), represented by a ratio to a rated speed of the motor, for damping control
on the basis of the estimated swing angle E@ (rad), a set damping factor &,
the gravitational acceleration g (m/sec?), the traveling speed Vi (m/sec) of the
trolley 1 corresponding to the rated rotating speed of the traveling motor 11,
and the measured length L (m) of the hoisting rope between the hoisting drive
drum 41 and the hoist load 6 determined by counting pulses generated by the
Speed detector 45 associated with the driving shaft of the hoist motor 42, by
using the following equation:

Neror =(20 g/w¢ VRIE S (16)
This is the replacement sheet
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where [err] is a set danping factor, g is the gravitational acceleration

constant, V[err] is the traveling speed of the trolley cprrespondi ng to the
rated rotating speed of the traveling nmotor_(11), [err] is the estimated

angul ar frequency and L[err] is the length b t u t ween
t he hoisting drive drum (61) and the hdBst load (6); and - control ling

the rotating speed of the traveling notor (11)

where wg =(g/Ly)".

When the speed regulating controller 23 receives the deviation of the
speed detection signal Ny (p. u) from a speed reference signal Ngg, (p. u)
obtained by subtracting the speed reference correction signal Ngspe (p. u) for
damping control from the speed reference signal Ngg, provided by a linear
acceleration starter device 22, the speed regulating controller 23 controls the
rotating speed Ny, of the motor to vary according to the speed reference signal
Ngei(p. U) indicates that the speed values are represented by a ratio to a rated
speed of the motor. .

Thus, the oscillation of the hoisting rope is damped at the damping
factor §.

A second embodiment of the present invention will be described
hereinafter with reference to FIG. 7, in which only those components that are
different from those of the first embodiment shown in FIG. 6 will be described.

The speed reference signal Ng is given to the traveling motor
accelerating torque computing element 30 of the second embodiment, instead
of the motor speed detection signal Ny which is given to the accelerating
torque computing element 30 of the first embodiment.

In the second embodiment, the estimated motor accelerating torque
signal ETA is obtained by multiplying a signal obtained by filtering a signal
which is obtained by differentiating the speed reference signal Ngey by the
accelerating torque computing element 30 by a filter having a first-order lag
element with a time constant of 7. by the mechanical time constant © m Of
the traveling motor 11. _

A third embodiment of the present invention will be described
hereinafterwith reference to FIG. 8.

The only component of the third embodiment shown in FIG. 8 that is
different from that of the first embodiment shown in FIG. 6 is a swing angle
computing element 32A, which is different from the swing angle computing
element 32 of the first embodiment, while the rest of the components of the
third embodiment are identical with those of the first embodiment. Thus,
only the swing angle computing element 32A will be described herein.

The swing angle computing element 32A adds the traveling resistance
ETL11 (p. u) of the hoist load against the travel of the trolley, obtained by
multiplying the output signal E@ thereof by the measured weight m1E, the
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-18- according to a corrected speed reference signal (Nerr]) obtained by
subtracting said danping control speed correction signal (Nerr]) froma
speed reference signal (Nerr]). 2. A control aoparatus for da i ng
the sway of the hoisting rope (5) of a_ suspa#? fHte shaet - ddnPugushy99s
trolley drive control unit conprising -44 traveling notor (11) for driving
the trolley (1) of the crane, and a speed regulating controller (23) which
calcul ates a torque reference signal on the basis of a deviation signa
representing the deviation of a

traveling frictional torque ETF and the accelerating torque ETA for accelerating
the traveling motor to determine an estimated torque ETM (p. u) of the motor.

The swing angle computing element 32A calculates the deviation of
the estimated motor torque from the output torque reference signal Tg (p. u)
of the spéed regulating controller and filters a sig'nal obtained by multiplying a
deviation signal representing the deviation by a proportional gain G by a filter
having a first-order lag to provide the swing angle E@ (rad).

A fourth embodiment of the present invention will be described
hereinafter with reference to FIG. 9, in which only those components of the
fourth embodiment shown in FIG. 9 that are different from those of the first
embodiment shown in FIG. 6 will be described.

Whereas the first embodiment calculates the swing angle on the basis
of the load torque on the traveling motor, the fourth embodiment calculates
the same by a swing angle computing element 34 on the basis of the rotating
speed of the traveling motor, which is the only difference of the fourth
embodiment from the first embodiment.

The swing angle computing element 34 provides an estimated swing
angle E& (rad) obtained by calculating the deviation between a signal
obtained by dividing a signal obtained by multiplying the speed detection
signal Ny (p. u) representing the rotating speed of the traveling motor by the
traveling speed Vi (m/sec) of the trolley corresponding to the rated speed of
the traveling motor by the gravitational acceleration (m/sec? and a signal
obtained by integrating the estimated swing angle E@ (rad) provided by the
swing angle computing element 31 with respect to time, and integrating a
signal obtained by multiplying a deviation signal representing the deviation by
the square of an estimated angular frequency w. (rad/sec) calculated by
using the equation (13) using the measured length L; (m) of the hoisting rope
between the hoisting drive drum of the hoisting apparatus and the hoist load
and the gravitational acceleration g (m/sec.sup.2) with respect to time.

A fifth embodiment of the present invention will be described
hereinafter with reference to FIG. 10, in which only those respects differing
from the fourth embodiment shown in FIG. 9 will be described.

A damping controller 35 employed in the fifth embodiment has both
the arithmetic functions of the swing angle. computing element 34 and the
damping controller 33 of the fourth embodiment, and does not use the
traveling speed Vj of the trolley corresponding to the rated rotating speed of
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travel speed signal representing the traveling speed of the trolley (1) and
a speed reference signal specifying a desired traveling speed of the )
trolley (1), and controls the rotating spee f.the ravehun not or, gél
according to the torque reference signal; gﬂ@ﬂgﬂgﬁﬁb t R S ing a
hoi st load (6) by a hoisting rope (5); a swing angle detector (29) for
detecting the swing angle (E [err]) of the hoisting rope (5); and a drive
control unit for driving and controlling a hoist notor

the traveling motor. )

Accordingly, when the same speed detection signals are applied
respectively to the damping controller 33 of the fourth embodiment and the
damping controller 35 of the fifth embodiment, the output signal of the
damping controller 35 is the same as that of the damping controller 33.

A transfer function between the speed detection signal Ny, i.€., the
input signal of the swing angle computing element 34 of the fourth
embodiment, and the damping control speed reference correction signal Nggpp,
the output signal of the damping controller, is expressed by:

Nrepp(8)/ Nyes(8)=(Vo/@) [(w &/s)/{1+(w /s }1(2 6 g/ w V)
=20 {ws/s*+w )} | (17

A transfer function between the speed detection signal Ny, i.e., the
input signal of the damping controller 35 of the fifth embodiment, and the
damping control speed reference correction signal Ngepp, i.€., the output signal
of the damping controller 35, is expressed by:

Ngrop(8)/ Nyea(s)=2 6 [(w ¢¥/s)/{1+(w /5% }1=2 6 {ws/s*+ w D)} (18)

Thus, the transfer functions expressed respectively by the equations
(17) and (18) are identical.

Although the present invention is applicable to cranes comprising a
travel apparatus, a hoisting apparatus, and a trolley carrying the trave!
apparatus and the hoisting apparatus, the present invention is applicable also
to a rope-trolley crane comprising a stationary traverse apparatus, a stationary
hoisting apparatus, and a traverse trolley, such as a container crane as shown
in FIG. 11. Shown in FIG. 11 are a traverse apparatus 50, a rail 51, a traverse
trolley 52, a hoisting apparatus 53, a container 54, i.e., a hoist load, a controller
b5, a traversing rope 56, wheels 59, a drive drum 61 for driving the traversing
rope, a reduction apparatus 62, an electric traversing motor 63, an
electromagnetic brake 64, a speed detector 65, guide rollers 67 and 69, a
hoisting drive drum 71, a reduction apparatus 72, a hoist motor 73, an
electromagnetic brake 74, a speed detector 75, a hoisting rope 76, a
suspending portion 77, a hoisting accessory 80, guide rollers 81 to 89 and a
winding drum 90. Terms "travel control" and "travel frictional torque" used in

This is the replacement skeet

L R
e AL

Date:



(42); characterized in that said control apparatus conprises: a danping
controller (35) which determ nes a danping control speed correction signal
(N[err]) by using: Nerr] =(2 [err] g/[err] V[err])(E [err]), and W
=(g/L[err])[err], where E [err] is thes phigute sheqtiral hAhug :
detected by the swing angle detector,ej[err] Is a set danpi ng factor, g S
the gravitational acceleration constant, VRis the traveling speed of t he
trolley corresponding to the rated rotating speed

describing the method of controlling the travel apparatus are replaced with
terms "traverse control' and "traverse frictional .torque", respectively, in the
method of controlling the traverse apparatus shown in FIG. 11, and the terms
“travel® and “traverse" are represented inclusively by the term "move" in the
appended claims.

FIG. 12, which corresponds to FIG. 3, shows the operating
characteristics of the trolley controlled by the method of damping the sway of
the hoisting rope in accordance with the present invention. As is obvious from
FIG. 12, the speed varying characteristics of the trolley are stabilized as
compared with those shown in FIG. 3.

As shown in FIG, 4, a swing angle of the hoisting rope detected by a
swing angle detector 29 may be used instead of the estimated swing angle
determined by the swing angle computing element 38 for the control
operation.

As is apparent from the foregoing description, according to the
present invention, the oscillation of the hoisting rope attributable to the
acceleration or deceleration of the trolley is suppressed automatically without
requiring a manual oscillation suppressing operation from the operator of the
crane. Accordingly, the trolley is able to travel at a relatively high speed, and
the automatic operation of the crane remarkably enhances the transporting
ability of the crane. |

[INDUSTRIAL FEASIBILITY]

The present invention is applicable to controlling swing signals
representing the swing motion of the hoisting rope of a suspension crane
comprising.a travel apparatus, a hoisting apparatus and a trolley carrying the
travel apparatus and the hoisting apparatus or a container crane comprising a
rope-trolley traverse apparatus and a hoisting apparatus.
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-19- of the traveling notor (11), [err] is the estimated angul ar frequency
and LE is the neasured | ength of the hoisting rope (5) between the hoisting
drive drum (61) and the hoist load (6), determined on the basis of the
rotating speed of the hoist motor (42):; andSebstite sheat r Ji4 August 1809
controlling the rotating speed of the -iffaveling nmotor (11) according to a
corrected speed reference

Claims

1. A method of damping the sway of a hoiéting rope (5) of a suspension
crane comprising a trolley drive control unit including a traveling
motor (11) for driving a trolley (1); a hoist motor (42) for hoisting a
hoist load (6); a swing angle (E@) of the hoisting rope (5); and a
hoisting motor drive control unit for driving and controlling the hoist
motor (42);
said method comprising the steps of:

- detecting the traveling speed of the trolley (1) and producing a
speed signal in response thereto;

- determining a torque reference signal by means of a speed
regulating controller (23) on the basis of a deviation signal
representing a deviation of said speed signal from a speed
reference signal;

- controlling the rotating speed of the traveling motor (11)
according to said torque reference signal;

- detecting a swing angle (E ) of the hoisting rope (5) by said
swing angle detector (29);

- calculating a damping control speed correction signal (Ngepp)
by a damping controller (35) by using:

- Nep={(0g)V(wVIHEE) and we=(g/Lp"

- where & is a set damping factor, g is the gravitational
acceleration constant, Vy is the traveling speed of the trolley
corresponding to the rated rotating speed of the traveling
motor (11), w; is the estimated angular frequency and L; is
the length of the hoisting rope (5) between the hoisting drive
drum (61) and the hoist load (6); and

- controlling the rotating speed of the traveling motor (11)
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(NRF1) obtained by subtracting the danping control speed correction
(NRFDP) from a speed reference signal.

18 Substitute sheet - 14 August 1999

according to a corrected speed reference signal (Ngg,) obtained
by subtracting said damping control speed correction signal
(Ngeop) from a speed reference signal (Ngg).

2. A control apparatus for damping the sway of the hoisting rope (5) of a
suspension crane, comprising:

- a trolley drive control unit comprising a traveling motor (11) for
driving the trolley (1) of the crane, and a speed regulating
controller (23) which calculates a torque reference signal on
the basis of a deviation signal representing the deviation of a
travel speed signal representing the traveling speed of the
trolley (1) and a speed reference signal specifying a desired
traveling speed of the trolley (1), and controls the rotating
speed of the traveling motor (11) according to the torque
reference signal;

- a hoist motor (42) for hoisting a hoist load (6) by a hoisting
rope (5);

- a swing angle detector (29) for detecting the swing angle (E 8)
of the hoisting rope (5); and |

- a drive control unit for driving and controlling a hoist motor
(42);

characterized in that said control apparatus comprises:

a damping controller (35) which determines a damping control
speed correction signal (Ngepp) by using:

NRFDP =(2 6 g/w E VR)(E 9 ) and WE =(g/LE)1/2 '

where E8 is the swing angle of the hoisting rope as detected
by the swing angle detector, & is a set damping factor, g is
the gravitational acceleration constant, Vi is the traveling
speed of the troHey corresponding to the rated rotating speed
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-19-

of the traveling motor (11), w; is the estimated angular
frequency and Lg is the measured length of the hoisting rope
(5) between the hoisting drive drum (61) and the hoist load (6),
determined on the basis of the rotating speed of the hoist
motor (42); and

a speed control means for controlling the rotating speed of the
traveling motor (11) according to a corrected speed reference
signal (Ngr) obtained by subtracting the damping control
speed correction signal (Nggpe) from a speed reference signal.
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Abstract

METHOD AND APPARATUS OF DAMPING THE SWAY OF THE HOISTING ROPE
OF A CRANE

A control system which stabilizes the hoisting rope_of a suspension crane
comprising a travel drive control unit capable of calculating a torque reference
signal by a speed regulating controller having a proportional gain and an
integrator or only a proportional gain on the basis of the deviation of a speed
‘detection signal representing the rotating speed of a traveling motor for
driving the trolley of the crane:'.'from a speed reference signal obtained by
subtracting a damping control speed reference correction signal which is
obtained by adding a damping factor to a swing angle calculated on the basis
of the speed detection signal represanting the rotating speed of the traveling
motor or a calculated load torque on the traveling. motor from a speed
reference signal provided through a linear acceleration starter device by a
speed reference device, of controlling the rotating sbeed of the traveling motor
according to the torque reference signal, and of producing a damping effect
for damping the oscillation of the hoisting rope through the output drive shaft
. of the traveling motor; a hoist motor for hoisting the hoist load; and a‘..hbist
motor drive control unit. The conirol system suppresses the oscillation of the
hoisting rope resulting from the acceleration and deceleration of the trolley,

enabling the trolley to travel at a relatively high speed and further enabling the
automatic operation of the crane.
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