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METHOD AND APPARATUS OF DAMPING THE SWAY OF THE HOISTING ROPE

SPECIFICATION - l

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




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 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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represents a kinematic model of the swing angle of the
hoisting rope. The block 28 represents load torque Tr {(p. u)
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 ;'-.1
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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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 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
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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 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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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 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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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 (NRr1) obtained by subtracting the damping control
speed correction signal (NRrFpP) from the output speed
reference signal (NRrFo) of the 1linear 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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filter having a first-order lag element by the 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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integrating, with respect to time, a signal obtained by
multiplying the deviation by the square of the estimated
angular frequency (wg) calculated by using the expression:

= (g/Lg)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 + »26 = (w2VR/g)(dNM/dt) ....... (3)

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

we obtaih
S26(s) + w20 = (w2V/g)sNM(S) .cvvveeo. (H4)

Therefore,
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8(s) = {w2s/(s2+w2)HVR/gINM(S) ¢eeveee. (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 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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s26(8) + 2Wwgsl(s) + w26(s) = (w2VRa/a)(1/8) ... (8)

Giving the initial condition: 6(t) = 0 when t = 0, from
the equation (8) we obtain:

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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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/Lg)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 gravity mig of the hoist load,'and a centrifugal force
produced by the circular movemeﬁt 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 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:

(B7LE)1/2 eeiieeiiineneennnseaans (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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output drive shaft of the hoist motor, and g (m/sec) is the
gravitational acceleration éonStant.

Substitﬁting the swing angle 6(s), the motor speed NM(s)
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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Fig. 3 is a diagram explaining the apcelerating and
deceierating characteristics of the prior art travel drive
units

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 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 crane
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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(DESCRIPTION OF THE PREFERRED EMBODIMENT)

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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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 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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the hoist 1load 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 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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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 determinedhby counting pulses
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 speed
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 9d.

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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the second embodiment, instead of the motor speed detection
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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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 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 .émbodiment 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 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 traveling speed VR (m/min) of the trolley corresponding
to the vrated speed of the traveling motor by the
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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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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trolley, such as a container crane as shown in Fig. 11.
Shown in Fig. 11 are a traverse apparatus 50, a rai1.51, 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 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.
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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. '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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CLAIMS

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 = (Zag/wEVﬁ)(Eﬂ) 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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obtained by subtracting the damping speed correction signal
(NRFPD) from the speed reference signal (NRFO0).

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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obtained by subtracting an estimated frictional load torque
(ETF) produced by the load and acting 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.

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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of the hoist load 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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estimated swing angle (Ef) with respeect to time is
calculated;

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

wg = (g/Lg)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
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a drive control unit for driving and controlling the
hoist motor; said control system comprising:

a damping controller which detefmines a damping control
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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10. A control system for damping the sway of the
hoisting rope of a crane according to claim 8, further
comprising a swing angle detector for detecting 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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12. 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
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angle computing element by the measured weight of the hoist
load;

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
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rope, and calculates an estimated angular freqﬁency (wg) of
oscillation of the hoisting rope 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 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.
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