Tower crane, method and control unit for operating a tower crane, trolley for a tower crane

and trolley travelling winch

The invention relates to a tower crane, a method and a control unit for operating a tower

crane, a trolley for a tower crane and a trolley for a tower crane.

Advances in the field of tower cranes are described.

The technical problems of the prior art are solved by a tower crane according to claim 1, by a
method and a control unit for operating a tower crane according to dependent claims, a
trolley for a tower crane according to another dependent claim, and a trolley for a tower
crane according to yet another dependent claim. Advantageous embodiments can be found

in the dependent claims, the following description and in the drawings in the Figures.

A first aspect of the description relates to a tower crane, which comprises:

a tower having a vertical axis; a trolley boom projecting from the tower; a rotating mechanism
for rotating at least the trolley boom about the vertical axis; a sensor device for determining
an angle of rotation of the trolley boom about the vertical axis; a trolley movable along the
trolley boom and having at least a first and a second deflection pulley for a hoisting cable; a
load receiving means having at least one deflection pulley for the hoisting cable; a sensor
device arranged on the load receiving means for determining at least a first deflection angle
of the load receiving means with respect to the perpendicular running through the load
receiving means; the hoisting cable which, starting from a hoisting mechanism, is guided at
least over the first deflection pulley of the trolley, the at least one deflection pulley of the load
receiving means and the second deflection pulley of the trolley, and which is fastened to a
distal section of the trolley boom; the hoisting mechanism; a sensor device disposed on the
trolley for detecting at least a second angle of deflection of at least a section of the hoist
cable located between the trolley and the load receiving means with respect to the
perpendicular passing through the trolley; a trolley connected by a trolley cable to the trolley
for movement thereof along the trolley boom; a sensor device for determining a rotational
angle difference between the rotational angle of the trolley boom about the vertical axis and
the rotational angle of the trolley about the vertical axis; and a control unit which operates the
rotating mechanism, the hoisting mechanism and the trolley in dependence on at least the
rotational angle, in dependence on the at least one first deflection angle, in dependence on
the at least one second deflection angle and in dependence on the rotational angle

difference.



The tower crane provided enables, by means of the sensor variables provided, the load
position to be determined accurately and in real time during crane operation to reduce
swaying of the load. The proposed tower crane forms the basis for the consolidation,
preparation and computer processing of sensor data in order to determine a precise actual
position picture. Estimates of important variables to be controlled, such as angles, are
avoided by sensor data fusion, and any errors possibly occurring in individual sensor data
are compensated for by data fusion. For sensor fusion, different data are determined on the
trolley, the load receiving means and on the boom by means of the sensor devices.

If the crane operator moves the load using a joystick, he no longer has to manually try to
reduce the pendulum movements that would otherwise occur. Thus, an assistance system
can be provided that advantageously allows the load to be moved at a high speed without
the crane operator having to take into account a swaying of the load. With the proposed
crane, loads can therefore be lowered more quickly, which has a beneficial effect in terms of

time on the work processes at the construction site.

An advantageous example is characterized by the fact that the sensor device for determining
the difference in the angle of rotation is fixedly arranged with respect to the trolley boom, in

particular on the trolley boom or on a frame of the trolley travelling winch.

The rigid connection to the trolley boom improves a measurement of the difference in the
angle of rotation. The connection to the trolley frame simplifies the assembly and installation

of the tower crane.

An advantageous example is characterized in that a sensor signal generated by the sensor
device for determining the difference in the angle of rotation represents a distance between
the sensor device and a section of the trolley cable which section is located between a pulley
fixed proximal to the trolley boom and the trolley, wherein the difference in the angle of
rotation is being determined by means of the control unit in dependence on the sensor signal

representing the distance.

Bending of the trolley boom affects the rotational position of the trolley depending on the
position of the trolley along the trolley boom. The position of the section of the trolley cable
represents an offset of the trolley to an angle of rotation around a vertical axis of the tower.
Thus, the actual rotational position of the trolley in relation to the vertical axis can be

determined without any further sensors.



An advantageous embodiment is characterized by the fact that the sensor device for
determining the difference in the angle of rotation starting from the tower is arranged in a first

or proximal half, in particular in the first or proximal third, of the length of the trolley boom.

The bending of the trolley boom plays a greater role the further away the trolley is from the
tower. If, on the other hand, the trolley is closer to the tower, the bending of the trolley boom
plays a subordinate role. Therefore, the proposed arrangement of the sensor device in the
first half or first third is advantageous. This also enables integration with the trolley travelling

winch.

An advantageous example is characterized in that a sensor signal generated by the sensor
device for determining the at least one second deflection angle represents a distance
between the sensor device and the at least one section of the hoisting cable; and wherein
the at least one second deflection angle is determined by means of the control unit as a

function of the sensor signal representing the distance.

Advantageously, by measuring the distance, the at least one second deflection angle can be

measured in a simple manner.

An advantageous example is characterized in that the tower crane comprises: a further
sensor device arranged on the trolley for determining at least one angle of inclination of the
trolley to a horizontal; and wherein the control unit additionally operates the rotating
mechanism, the hoisting mechanism and the trolley in dependence on the at least one angle

of inclination.

Due to the non-linear bending of individual boom segments of the trolley boom, it is difficult to
derive the angle of inclination by simple mathematical linearizations. The proposed sensory

detection of the tilt angle improves the accuracy of the downstream regulation.

A second aspect of the description relates to a method of operating a tower crane,
comprising: Determining at least a first pendulum angle characterizing a deflection of a virtual
center of gravity of a multiple pendulum suspended from the trolley towards a perpendicular
passing through the trolley in a first spatial plane; determining at least a second pendulum
angle characterizing a deflection of the center of gravity of the multiple pendulum towards the
perpendicular passing through the trolley in a second spatial plane; determining at least one
angle of rotation of the trolley about the vertical axis of the tower; and determining at least

one actuating variable for operating the tower crane, in particular by means of at least one



rotating mechanism, at least one hoisting mechanism and at least one trolley, as a function
of the at least one first pendulum angle, as a function of the at least one second pendulum

angle and as a function of the at least one angle of rotation.

Due to the determination of the pendulum angles and the angle of rotation of the trolley, it is
possible to derive the load position and to implement a near-real-time regulation on the basis
of a regulation model representing the crane and the load movement.

The approach presented advantageously dispenses with the use and derivation of process
variables. Instead, the actual load situation on the crane and below the crane boom is
determined by means of the pendulum angle and the angle of rotation of the trolley. By
means of sensor fusion, the influences of the double pendulum usually found in crane

operations on the regulation of the load movement are reduced or eliminated.

By means of the proposed method, a simplified virtual single pendulum system is obtained -
irrespective of the complexity of the mechanical design of the arrangement below the trolley -
which can be operated with simpler regulation algorithms and, above all, without the
determination of torsional and bending moments specific to the crane structure. The
proposed method can advantageously be applied to a variety of different tower crane
configurations without the need for costly adaptations of the method to the design of the

crane.

Furthermore, in addition to a position-related regulation of the load, i.e. a specification of a
trajectory for the load, the proposed method or system enables the simultaneous possibility
of a speed-related regulation of the load. This makes it comparable to the current speed-
related crane control by means of PLC, and makes it more accessible for the crane
operators. With PLC control, the crane operators specify a speed for the respective drives by
means of joystick commands. With speed-related regulation of the load, the crane operator
would specify a speed for the load by joystick command. Thus, an assistance system for the
crane operator can be provided. On the other hand, the proposed method or system enables
fully automated travel. Thus, the system proposed herein can be used for a more intuitive
manual control as well as for a semi- or fully automated control and provides the necessary

basis for this.

An advantageous example comprises: determining an angle of deflection, lying in the first
plane, of at least a section of the hoisting cable located between the trolley and the load

receiving means to the perpendicular passing through the trolley; determining an angle of



deflection, lying in the first plane, of the load receiving means suspended from the trolley by

means of the hoisting cable to the perpendicular passing through the load receiving means;

wherein the first pendulum angle is determined as a function of the angle of deflection of the
at least one section of the hoisting cable lying in the first plane and as a function of the angle
of deflection of the load receiving means lying in the first plane.

The precise determination of the pendulum angle is improved by this sensor fusion.
Unwanted oscillations in the sensor signals are reduced by the sensor fusion.

An advantageous example comprises: Determining a first weighting factor as a function of a
pendulum length; wherein the first pendulum angle is determined by weighting the deflection
angle of the section of the hoist cable lying in the first plane as a function of the first
weighting factor, and by weighting the deflection angle of the load receiving means lying in

the first plane as a function of the first weighting factor.

Advantageously, the pendulum length is used to reduce vibrations caused by the design of
the trolley and the load receiving means at different pendulum lengths for the determination

of the variables.

An advantageous example comprises: determining an angle of inclination of the trolley with
respect to the horizontal; determining a compensated deflection angle lying in the first plane
as a function of the angle of inclination of the trolley and as a function of the deflection angle
lying in the first plane of the at least one section of the hoisting cable; wherein the first
pendulum angle is determined as a function of the compensated deflection angle lying in the
first plane of the at least one section of the hoisting cable and as a function of the deflection

angle lying in the first plane of the load receiving means.

This sensor fusion accurately accounts for the trolley boom deflection, which varies

depending on the position of the trolley, the load and the design of the trolley boom.

An advantageous example comprises: determining a deflection angle, which is lying in the
second plane, of the at least one section of the hoisting cable located between the trolley and
the load receiving means with respect to the perpendicular passing through the trolley;
determining a deflection angle, which is lying in the second plane, of the load receiving
means suspended from the trolley by means of the hoisting cable with respect to the

perpendicular passing through the load receiving means; and wherein the second deflection



angle is determined as a function of the deflection angle lying in the second plane and as a

function of the deflection angle of the load receiving means lying in the second plane.

This sensor fusion improves the precise determination of the pendulum angle. Unwanted

oscillations in the sensor signals are reduced by the sensor fusion.

An advantageous example comprises: Determining a second weighting factor as a function
of the pendulum length; and wherein the second deflection angle is determined by weighting
the deflection angle of the at least one section of the hoist cable lying in the second plane as
a function of the second weighting factor, and by weighting the deflection angle of the load
receiving means lying in the second plane as a function of the second weighting factor.

Advantageously, the pendulum length is used to reduce vibrations caused by the design of
the trolley and the load receiving means at different pendulum lengths for the determination

of the actuating variables.

An advantageous example comprises: determining a length of one of the sections of the
hoisting cable between the trolley and the load receiving means; and determining the
pendulum length as a function of the length of one of the sections of the hoisting cable and a
predetermined length of a load cable between the load receiving means and the load, which

length can be predetermined in particular manually during operation.

The predetermined length of the load cable compensates for the inaccuracy in determining
the total length of the multiple pendulum. This reduces the total error. As long as the total
error remains in the range of approximately £10% of the total length of the multiple
pendulum, a sufficiently damped control is ensured. This behavior of the load attached to the
load receiving means by means of attaching means has been empirically proven by test

trials.

If the length of the section of the hoisting cable is 40 m and the length of the load cable is 5
m, the total length is 45 m. The regulator can therefore tolerate an inaccuracy of + 4.5 m
without any problem. In most cases this leads to the desired regulating behavior. Exceeding
this tolerance leads to a slight overshoot, but it is still smaller than it would be without the

proposed regulation.

An advantageous example comprises: Determining an angle of rotation of the trolley boom

about the vertical axis; determining a difference in the angle of rotation between the angle of



rotation of the trolley boom about the vertical axis and the angle of rotation of the trolley
about the vertical axis; and wherein the angle of rotation of the trolley about the vertical axis
of the tower is determined as a function of the angle of rotation of the trolley boom and as a

function of the difference in the angle of rotation.

This sensor fusion improves the precise determination of the angle of rotation of the trolley.

An advantageous example is characterized in that the determination of the at least one
actuating variable is activated when at least one of the following conditions occurs: presence
of at least one target value variable other than zero; presence of a manual activation -
originating from a control unit - of the determination of the at least one actuating variable; and
presence of a request for readjustment.

An advantageous example comprises: updating a model, in particular matrices characterizing
the model, as a function of the pendulum length, as a function of a position of the trolley and
as a function of a mass associated with the multiple pendulum, in particular determined by
means of a sensor device; and wherein the determining of the at least one actuating variable

is carried out as a function of the updated model.

Advantageously, the position of the trolley, the measured mass and the pendulum length

allow for an update of the model.

An advantageous example comprises: Updating a regulator, in particular gain factors, as a
function of the model, in particular matrices characterizing the model, and as a function of the
pendulum length; and wherein the determining of the at least one actuating variable is

performed as a function of the updated regulator.

A third aspect of the description relates to a control unit for operating a tower crane,
comprising: means for determining at least a first pendulum angle which characterizes a
deflection of a virtual center of gravity of a multiple pendulum suspended from a trolley with
respect to a perpendicular passing through the trolley in a first spatial plane; means for
determining at least a second pendulum angle characterizing a deflection of the center of
gravity of the multiple pendulum with respect to the perpendicular passing through the trolley
in a second spatial plane; means for determining at least one angle of rotation of the trolley
with respect to the vertical axis of the tower; and means for determining at least one
actuating variable for operating the tower crane, in particular by means of at least one

rotating mechanism, at least one hoisting mechanism and at least one trolley of the tower



crane, as a function of the at least one first pendulum angle, as a function of the at least one

second pendulum angle and as a function of the at least one angle of rotation.

A fourth aspect of the description relates to a trolley for a tower crane, comprising: a chassis
for moving the trolley along a trolley boom; at least two pulleys fixedly arranged to the
chassis for deflecting a hoisting cable towards a load receiving means; and a sensor device
fixedly arranged to the chassis for determining at least one angle of deflection of a section of
the hoisting cable located between the trolley and a load receiving means with respect to a
vertical passing through the trolley.

The determination of the at least one deflection angle of the hoisting cable at the trolley
allows for precise determination of the load situation.

An advantageous example is characterized in that at least one sensor signal generated by
the sensor device represents a distance between the sensor device and at least one section

of the hoisting cable.

Due to the determination of the distance, the deflection angle can be determined more

precisely - in particular in comparison to a camera measurement.

An advantageous example is characterized in that at least two sensors are assigned to the at
least one section of the hoisting cable, which sensors are directed at the section of the

hoisting cable from different angles.

By having two sensors spaced apart from each other, both the measurement itself is
improved, as well as error handling in the event of inconsistent sensor signals is made

possible.

An advantageous example is characterized in that at least part of the sensor device is

arranged between the at least two sections of the hoisting cable.

This provides a more compact sensor device. Furthermore, the sensor device is arranged in
a protected manner in a proximal area of the trolley. Furthermore, individual sensors can be

integrated to form a unit.



An advantageous example comprises: at least one further sensor device arranged fixedly
with respect to the trolley for generating at least one further sensor signal which

characterizes an inclination of the trolley to a horizontal.

Advantageously, the precise determination of the angle of deflection which is arranged in a
plane which is spanned by the tower and trolley boom can be improved by sensor fusion in
this way.

A fifth aspect of the description relates to a trolley carriage for mounting on a trolley boom of
a tower crane, the trolley carriage comprising: a frame; a drive unit fixedly arranged with
respect to the frame for winding and unwinding a trolley cable; and a sensor device fixedly
arranged with respect to the frame for detecting a difference in the angle of rotation between
an angle of rotation of the trolley boom about a vertical axis of a tower of the tower crane and

an angle of rotation of the trolley about the vertical axis.

Advantageously, the sensor device for determining the difference in the angle of rotation is
integrated into the trolley carriage. Therefore, the sensor device does not have to be
arranged separately on the trolley boom. Consequently, the structure of the crane is

simplified.

An advantageous example is characterized in that a sensor signal generated by the sensor
device for determining the difference in the angle of rotation represents a distance between

the sensor device and a section of the trolley cable.

Bendings of the trolley boom affects the rotational position of the trolley depending on the
position of the trolley along the trolley boom. The position of the section of the trolley cable
represents an offset of the trolley with respect to an angle of rotation around a vertical axis of
the tower. In this way, the actual rotational position of the trolley in relation to the vertical axis

can be determined without the need for any further sensors.

In the drawings:

Figure 1 schematically depicts a tower crane;

Figures 2, 3, 16 and 19 each show a pendulum system;

Figure 4 depicts a feedback of sensor signals;

Figures 5 and 6 each show a determination of actuating variables;

Figures 7 and 10 each show a trolley schematically;
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Figures 8 and 11 each show a determination of the position of a section of a hoisting
cable by means of a sensor device;

Figure 9 depicts the trolley and various positions of a deflection pulley of a
load receiving means;

Figure 12 depicts the trolley and parts of a sensor device;

Figure 13 depicts an angle of inclination of the trolley with respect to a
horizontal generated by bending the trolley boom;

Figure 14 depicts a difference in angle of rotation between an angle of
rotation of the trolley and an angle of rotation of the trolley arm
generated by bending the trolley arm;

Figures 15 and 17 each show a signal flow diagram;
Figure 18 depicts a top view of the tower crane; and
Figure 20 depicts a control unit for operating the tower crane.

Figure 1 depicts a schematic side view of a revolving tower crane 2 for lifting, moving and
setting down a load L. The revolving tower crane 2 comprises a tower T with an imaginary
vertical axis H and a trolley boom KA projecting from the tower T, at least part of which tower
is fixedly arranged to a ground G. In Figure 1, the trolley boom KA is designed not to teeter.
In an example not shown, the trolley boom KA can also be designed to teeter, wherein the

teetering trolley boom KA is moved by means of a teetering drive.

The tower crane 2 comprises a rotating mechanism DW arranged, for example, on a counter
boom GA for rotating at least the trolley boom KA about the vertical axis H. The tower crane
2 comprises a sensor device 510, for example designed in the form of an angle of rotation
sensor, for determining an angle of rotation 8_u of the trolley boom KA about the vertical axis

H in an yx plane.

A trolley LK which is movable along the trolley boom KA comprises a first and a second
deflection pulley 202, 204 for deflecting a hoisting cable HSL in the direction of a load
receiving means UF, which can also be referred to as a bottom block or hook block. The load
receiving means UF comprises at least one deflection pulley 302 for the hoisting cable HSL,

but may also comprise a plurality of deflection pulleys for the hoisting cable HSL.

A sensor device 310 arranged on the load receiving means UF, for example in the form of a
gyroscope, is set up to determine a first deflection angle ¢_2x, ¢_2y of the load receiving

means UF relative to the perpendicular running through the load receiving means UF.
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The hoisting cable HSL is guided starting from a hoisting mechanism HW for winding and
unwinding the hoisting cable over the first deflection pulley 202 of the trolley LK, the one
deflection pulley 302 of the load receiving means UF and the second deflection pulley 204 of

the trolley LK. The hoisting cable HSL is attached to a distal section 4 of the trolley boom KA.

The hoisting mechanism HW comprises a brake, an electric motor, a gearbox and a winch.,
The hoisting cable HSL is rolled up on the winch of the hoisting mechanism HW in order to
raise the load L, and it is unrolled in order to lower the load L. The hoisting cable HSL is
attached to a distal section 4 of the trolley boom KA, for example. The hoisting cable HSL is
guided, for example, starting from the hoisting mechanism by means of two deflection pulleys
20 and 22 arranged at or near the vertical axis H up to the deflection pulley 202 of the trolley
LK.

According to Figure 1, a sensor device 620 is coupled to the deflection pulley 22 and detects
its deflection in the xy-plane, which changes depending on the mass m of the suspended
load L or of the multiple pendulum below the trolley LK. The sensor device 620 measures, for
example, a tensile force exerted on the pulley 22. A sensor signal determined by the sensor

device 620 represents the mass M.

A sensor device 210 arranged on the trolley LK is arranged for determining a second
deflection angle ¢_1y, ¢ _ux of a section HSL#1, HSL#2 of the hoisting cable HS located
between the trolley LK and the load receiving means UF with respect to the perpendicular
passing through the trolley LK. A sensor signal generated by the sensor device 210 for
determining the second deflection angle ¢_1y, ¢_ux represents a distance between the
sensor device 210 and the section HSL#1, HSL#2 of the hoisting cable HSL. The second
deflection angle @_1y, ¢_ux is determined by means of the control unit 100 in dependence

on the sensor signal of the sensor device 210 representing the distance.

A trolley carriage KW arranged stationary relative to the trolley boom KA is connected to the
trolley LK by means of a trolley cable KSL for its movement along the trolley boom KA. The
trolley carriage KW comprises a brake, an electric motor, a gearbox and a double winch,
wherein the double winch comprises two sections connected by means of a common axis,
which, when the double winch rotates in one direction of rotation, rolls up one part of the

trolley cable KSL, unrolls the other part and thus moves the trolley LK.
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Fixed to the frame 402 is a sensor device 420, for example an angle of rotation sensor that
counts the rotations, which sensor device generates a sensor signal that characterizes the

position x of the trolley LK.

A sensor device 410 is arranged for determining a rotational angle difference A8 between the
rotational angle 6_u of the trolley boom KA about the vertical axis H and the rotational angle
of the trolley LK about the vertical axis H. The sensor device 410 for determining the
difference in the angle of rotation A6 is fixedly arranged to the trolley boom KA, in particular
on the trolley boom KA or on a frame 402 of the trolley carriage KW. A sensor signal
generated by the sensor device 410 for determining the difference in the angle of rotation A8
represents a distance between the sensor device 410 and a section KSL#1 of the trolley
cable KSL, which is located between a deflection pulley 6 fixed proximal to the trolley boom
KA and the trolley LK. A deflection pulley 8 arranged distal to the trolley boom KA deflects
the trolley cable KSL from the trolley carriage KW to the trolley LK. The difference in the
angle of rotation A8 is determined by means of the control unit 100 as a function of the
sensor signal representing the distance. The sensor device 410 is arranged starting from the
tower T in a first or proximal half, in particular in the first or proximal third, of the length of the

trolley boom KA.

For reasons of clarity, the arrangement of the sensor device 410 for determining a difference
in the angle of rotation A8 is shown schematically in Figure 1 parallel to the vertical axis z at
a distance from the trolley cable KSL. In the embodiment explained in the previous
paragraph, the sensor device 410 is arranged perpendicular to the plane of projection at a
distance from the trolley cable KSL. Of course, other embodiments of the sensor device 410
are also conceivable, for example a sensor arranged as illustrated, which sensor observes
the deflection of the trolley cable KSL from vertically above or from vertically below, for
example optically, and determines the signal representing the difference in the angle of
rotation A®.

The trolley carriage KW comprises the frame 402 and a drive unit fixed to the frame 402 for
winding and unwinding a trolley cable KSL. The sensor device 410, which is fixed to the
frame 402, is arranged for determining the difference in angle of rotation A8 between an
angle of rotation 8_u of the trolley boom KA about a vertical axis H of a tower T of the tower
crane 2 and an angle of rotation 0 of the trolley LK about the vertical axis H. The sensor
device 410 is arranged for determining the difference in angle of rotation A8 between the
angle of rotation 6_u of the trolley boom KA about the vertical axis H and the angle of

rotation 8 of the trolley LK about the trolley boom KA. The sensor signal generated by the
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sensor device 410 for determining the angle of rotation difference A8 represents a distance

between the sensor device 410 and a section KSL#1 of the trolley cable KSL.

A control unit 100 operates the rotating mechanism DW, the hoisting mechanism HW and the
trolley carriage KW as a function of the angle of rotation 8_u, as a function of the first
deflection angle ¢_2x, ¢_2y, as a function of the second deflection angle ¢_1y, @_ux and as
a function of the angle of rotation difference AB.

A further sensor device 220, which is arranged fixedly on the trolley LK, in particular in
relation to its chassis, and which is designed, for example, as a gyroscope, serves to
determine an angle of inclination A of the trolley LK in relation to a horizontal. The sensor
device 220 determines a sensor signal which characterizes an inclination of the trolley LK to
a horizontal, in particular an angle of inclination to a horizontal plane lying in an xh plane
which is spanned by the vertical axis and longitudinal axis of the trolley boom. The control
unit 100 additionally operates the rotating mechanism DW, the hoisting mechanism HW and

the trolley carriage KW as a function of the angle of inclination Ag.

The multiple pendulum suspended from the trolley LK is explained with respect to Figure 2
and Figure 3 below, which multiple pendulum comprises the two sections HSL#1, HSL#2 of
the hoisting cable HSL, the load receiving means UF suspended from the hoisting cable
HSL, a load cable LSL arranged on the load receiving means UF, and the load L arranged on
the load cable LSL. In the case of a double trolley operation, the same applies, wherein the
multiple reeving of the hoisting cable gives the pendulum underneath three or more
deflection pulleys on the trolleys as reference points on the boom side. In this context, a
multiple or double pendulum is understood to be the arrangement located below the trolley or
below the deflection pulleys of the trolley.

A length |_1 is determined by means of a sensor 610, for example an angle of rotation
sensor that counts revolutions, which is associated with the hoisting mechanism HW. For
example, by detecting the rotational position of the hoisting mechanism HW, the distance

between the load receiving means UF and the trolley LK can be concluded.

A length |_k of the load cable LSL between the load receiving means UF and the load L can
be preset, for example, by means of a control unit 900. The control unit 900 is, for example, a
control panel or a remote control. By means of a joystick of the control unit 900, target

variables S_soll are implicitly transmitted to the control unit 100.
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Figure 2 depicts a schematic illustration of the double pendulum present in the tower crane of
Figure 1. With respect to this double pendulum, which is made up of all components below
the trolley LK, there are two angles ¢,, ¢, of the cables to the respective perpendicular and

two lengths 1, I, of the cables.

While I, and the angle ¢, are relatively easy to measure, the length [, between the load
receiving means UF and the load L as well as the mass m of the load and a center of gravity
S of the mass of the load always remain variable during operation. Also, the angle ¢, is not
trivially detectable as a measured variable. And even if one were to estimate the length 1,,
there is a regulation inaccuracy which is not insignificant, and which regulation inaccuracy

continues to cause the system to oscillate when the drives are actively controlled.

Figure 3 depicts the simplification proposed in this description for the consideration of the
multiple pendulum to prevent or reduce a movement of the pendulum. The multiple
pendulum shown in Figure 2 is considered as a single pendulum. In this case one variable is
the angle of deflection of the load with respect to the trolley. This angle of deflection cannot
be measured by use of simple sensors such as cameras or ultrasonic sensors or laser-based
distance measuring systems, since an actual pendulum angle ¢ cannot be found in reality on
any of the objects physically present in crane operation. This pendulum angle ¢ is
determined in approximation on the basis of sensor measurements. The regulation described

below is based, among other things, on the consideration of the following variables:

1) pendulum angle between the straight line pointing to the virtual center of gravity S
of the load and the perpendicular L#LK in the middle of the trolley LK;

l distance between the trolley and the virtual center of gravity S of the virtual load
L;

S virtual center of gravity of the virtual load L; and

m mass of the virtual load L.

Figure 4 depicts, n the basis of Figure 1, the determination of actuating variables or actuating
speeds u by means of a determination unit 110. The respective actuating speed is provided,
for example, in per cent (%) of the maximum speed for the respective drive. At least the
sensor data and target variables S'_soll are fed to the determination unit 110 in order to

determine the drive speeds u. A determination unit 120 determines the target variables
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S' soll as a function of target value variables S_soll originating from the control unit 900,

wherein the individual target value variables S_soll are being multiplied by a gain factor.

Further, it is possible to output a signal ACT to the determination unit 110 by means of the
control unit 900, which activates the determination unit and the executed regulation. For
example, lifted loads can be moved manually, wherein the control unit 100 regulates the
tower crane in such a way that it prevents the load from swinging up during manual

movement.

Figure 5 depicts an embodiment of the determination unit 110 of Figure 4. Means 1002 are
arranged to determine a first pendulum angle @_x, which characterizes a deflection of the
virtual center of gravity of the multiple pendulum suspended on the trolley relative to a
perpendicular running through the trolley in a first imaginary spatial plane xh, which is
spanned by the vertical axis of the tower of the tower crane. Means 1004 are arranged to
determine a second pendulum angle ¢_y, which characterizes a deflection of the center of
gravity of the multiple pendulum relative to the perpendicular running through the trolley in a
second imaginary spatial plane, which is a perpendicular plane of the first spatial plane xh
and which runs parallel to the vertical axis H. Means 1006 determine the angle of rotation 6
of the trolley about the vertical axis of the tower as a function of the angle of rotation 6_u of

the trolley boom and as a function of the difference in angle of rotation AB8.

Further means 1010 serve to determine the actuating variable u for operating the tower
crane, in particular the rotating mechanism, the hoisting mechanism and the trolley, as a
function of the first pendulum angle ¢_x, as a function of the second pendulum angle ¢_y
and as a function of the angle of rotation 6.

Means 1024 are arranged in order to determine the pendulum length | as a function of the
length |_1 of the sections of the hoisting cable, and as a function of the length |_k of the load
cable between the load receiving means and the load which length |_k is pre-settable in

particular manually during operation.

Means 1012 are arranged to determine a first weighting factor kx as a function of the
pendulum length |, wherein the first pendulum angle ¢_x is determined by weighting the
angle of deflection ¢_ux, which is lying in the first plane, of the section HSL#1, HSL#2 of the
hoisting cable HSL as a function of the first weighting factor kx and by weighting the angle of
deflection ¢_2x, which is lying in the first plane, of the load receiving means UF as a function

of the first weighting factor kx.
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Means 1014 are arranged to determine a compensated deflection angle ¢_1x lying in the first
plane xh as a function of the angle of inclination A¢g of the trolley and as a function of the
deflection angle ¢@_ux lying in the first plane of the section of the hoisting cable, wherein the
means 1002 are arranged to determine the first pendulum angle ¢_x by weighting the
compensated deflection angle ¢_ux lying in the first plane as a function of the first weighting
factor kx and by weighting the deflection angle ¢_2x of the load-carrying means lying in the
first plane as a function of the first weighting factor.

Means 1022 are arranged to determine a second weighting factor ky as a function of the
pendulum length |, wherein the means 1004 are arranged to determine the second deflection
angle @_y by weighting the deflection angle @_1y, lying in the second plane yh, of the section
of the hoisting cable as a function of the second weighting factor ky and by weighting the
deflection angle ¢@_2y, lying in the second plane yh, of the load receiving means UF as a

function of the second weighting factor ky.

Means 1030 are arranged to update a model, in particular of matrices A,B characterizing the
model, as a function of the pendulum length I, of the position x of the trolley and as a function
of the mass m associated with the multiple pendulum. Means 1032 are used to update a
regulator, determining a matrix of gain factors K', as a function of the model, in particular of
the matrices A, B characterizing the model, and as a function of the pendulum length |. The
determination of the variable u_LK, u_DW, u_HW is performed as a function of the updated

regulator.

According to a respective block 1040, 1042, 1044, 1046 and 1048, a respective derivative X',
I, 0, @_x', @_y' of the respectively supplied variable is determined. Alternatively, the variable
X' can also be supplied directly.

The means 1010 determines the actuating variables u as a function of the matrix K', the
target variables S'_soll, the pendulum length I', the pendulum angles, the angle of rotation of

the trolley, and as a function of the derivatives X', I', ', ¢_X', ¢_V'.

Figure 6 depicts a further example of the determination unit 110. In contrast to Figure 5, the
determination unit 110 comprises an observer 130 to which the determined drive speeds u
and measurement signals Z are fed. The observer determines the state vector Z~. A state

regulator 132 and an adder 134 determine the drive speeds u to be set as a function of the
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state vector Z~ and the target variables S_soll. For example, a transposed gain vector K' is

generated by a pole placement method:

K(1)
K(2)
K(3)

K' =

A state vector for the trolley, where X' corresponds to the actual velocity of the LK, is given by
Z=[x" o ¢xl-
The actuating speed u_LK then results, for example, in:

Uk = Xgon * K(1) ~Z+K = Xgon * K(1) — (x" * K(1) + @, * K(2) + ¢ x K(3)) =

= Xgon * K(1) —x" * K(1) — o * K(2) — px * K(3) = (xgon — x") * K(1) — o * K(2) — 5 * K(3)
=—1x [(x’ _x;oll) Px (p)’c] * K’

In other words, if actual-target-differences are formed in the state vector, Phi_soll and
Phi_dot_soll are equal to zero, and then multiplication with the gain vector K' is performed,
which results in the scalar actuating speed. The unit of

Figure 7 depicts a schematically illustrated example of a structure of the trolley LK. A
carriage 206 is provided for moving the trolley LK along a travel axis 207 of the trolley boom.
For example, the carriage 206 comprises a plurality of wheels 212a-d which are movably
mounted on rails of the trolley boom. At least two deflection pulleys 202, 204, which are fixed
with respect to the carriage 206, are arranged for deflecting the hoisting cable in the direction

of a load receiving means UF.

The sensor device 210, which is fixedly arranged with respect to the carriage 206, is set up
to determine the deflection angles ¢_1y, @_ux of the sections HSL#1, HSL#2 of the hoisting
cable, which are located between the trolley LK and a load receiving means, with respect to
the perpendicular running through the trolley LK. A sensor signal generated by the sensor
device 210 represents a distance between the sensor device 210 or parts thereof and the
respective section HSL#1, HSL#2 of the hoisting cable located between the deflection
pulleys 202, 204 of the trolley LK and the deflection pulley or pulleys of the load receiving

means.
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Two or more sensors 214#1, 216#1; 214#2, 216#2 are associated with the respective
section HSL#1, HSL#2 of the hoisting cable, which sensors are directed from different angles
to the section HSL#1, HSL#2 of the hoisting cable HSL.

In an example not shown, the sensor device 210 is arranged at least in part between the two
sections HSL#1, HSL#2 of the hoisting cable.

On the trolley LK, sensors 214#1, 216#1, 214#2, 216#2 are arranged for detecting the cable
angle @_1, for example as ultrasonic sensors, LIDAR sensors or other sensors for measuring
the distance between the respective sensor 214#1, 216#1, 214#2, 216#2 and the associated
section HSL#1, HSL#2. In the example shown, the sensors 214#1, 216#1; 214#2, 216#2 are
aligned in pairs perpendicularly to the sections HSL#1, HSL#2 in the respective axial
direction X or Y. Thus, the cable deflection is measured with respect to the position of the

Sensor.

Since the sensors 214 and 216 are aligned against each other on the same or parallel axis,
all non-parallel cable deflections can be calculated. The deflections of the cables against

each other are thus compensated for metrologically. These are e.g. the different formations
of a trapezoidal arrangement of the two sections HSL#1, HSL#2 between the trolley LK and
the load receiving means occurring during lifting and lowering operation. This effect can be

calculated by determining the cable length between the trolley and the load receiving means.

Figure 8 depicts in schematic form the calculation of the distance of the sensors to the
section HSL#1 of the hoisting cable using the example of the two sensors 214#1, 216#1. The
sensors 2144#1, 216#1, which are assigned to the respective cable section HSL#1, are
aligned in pairs to each other in such a way that a resulting distance C_1 is at an angle of

45° with respect to the coordinate system of the crane.
Based on the measured values U_1 and U_2 representing a respective distance of the cable
section HSL#1 with respect to the respective sensor 214#1, 216#1, the following equations

can be derived:

(1) Uy? =X10° +Yio°

(2) U,® =Yi0° + (€ — X10)?

Equations (1) and (2) with respect to Y;,* und X;,° result in:
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oY) X102 = U12 - Y102

(2 Y102 = Uz2 - (G _XIO)Z

Substituting equation (4) into equation (3) provides X_10 as follows:

X = U7 = (U2 (€, = K,

X10? = Uy? = Up% + (€ — X10)(Cy = Xy)
X102 =U 2 = U% + (C12 —2-CXqp +X102)
Xio? = U2 = U2+ G2 =2 G Xyp + Xi”
0=U2=U2+C*=2-C - Xy

U U - G = =20y Xy

U1%-Uy%+¢,?
1) Xjg=——""""
(1) X0 2,

As a next step equation (5) is substituted into equation (4). Thus, Y;, results in:

2:C;

24,2 2\ 2
(6) Y= JUzZ - (C1 _M)

As a next step AXx; und AY; can be calculated using angle functions and the result from
equation (6):

|110|
= i - 450
(04 arcsm( U

1

AX, in(a)
U = sin(a

(1) AXy =U;"sin (arcsin (%) - 45°)

1

Y10l
= i — 45°
« arcsm( U

2
Ul - S'”(a)
2 '

(2) AY; =U, - sin (arcsin (h;l—d> - 45°)

2
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In analogy to equations (7) and (8), AX, und AY, are determined for the opposite side, i.e. the

other sensor pair.

Figure 9 illustrates how the movement of the load receiving means in the h-direction causes
an additional deflection AX; and accordingly AX, of the hoisting cable HSL in the x-direction,
depending on the position of the load receiving means relative to the deflection pulleys 202,
204 of the trolley LK. Although this movement is calculated metrologically, it is possible,
depending on the configuration, that the cable leaves the detection range of the sensors from
a certain proximity of the load receiving means to the deflection pulleys 202, 204 due to this
movement. In particular, when using the load receiving means with only one deflection pulley
302, the cable angle changes very strongly. This would cause the hoisting cable HSL to
move out of the sensing range of the sensors 214#1 and 214#2 shown in Figure 7. In order
to extend the sensing range in the x-direction to compensate for the deflection of the cable
due to the lifting and lowering of the load receiving means, the sensors 214, 216 can be

arranged in pairs in a V-shape with respect to Figure 7.

Figure 10 depicts the aforementioned V-shaped arrangement of sensors 214#1 and 216#1
and accordingly 214#2 and 216#2 of the sensor device of trolley LK. The other features of
the trolley LK can be seen in Figures 1 and 7. The V-shaped arrangement results in a larger
measuring range 218#1, 218#2 in the x-direction, while the measuring range in the y-

direction does not change significantly.

In the example shown, the sections HSL#1 and HSL#2 of the hoisting cable are located
between the sensors 214, 216. In an alternative example which is not shown, the sensors
214, 216 are located at least partially, in particular entirely, between the sections HSL#1 and
HSL#2 of the hoisting cable.

Figure 11 illustrates the calculation rules for determining the position of the respective
section HSL#1 or HSL#2 of the hoisting cable HSL using the example of the arrangement of
Figure 10.

The angles are calculated according to equations (9) and (10):

©) Uy? =X10° +Yi0°

(10) Uy* = X10° + (€1 — Yy0)?

Equations (9) and (10) solved for v;,2 and X;,? results in:
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(11) V3% = Uy * — Xp0°

(12) X10° = U,” — (€1 — Yy0)?

Substituting equation (11) into equation (12) such that Y_10 results in:

Y102 = U12 - (Uz2 - (C1 - Y1o)2)
Y102 = U12 - Uz2 + (€, — Y10)2
Y]_OZ = U12 - U22 + C12 - 2 " Cl " Y10 + Y102

0=U*>-U,>+C*—2-C, Yy
Resolved to Y;, results in:

U12—U22+C12
13) Vi = ——F"——
(13) Y3 2C,

The calculated quantity Y, is substituted into equation (12) in order to calculate X,,:

X0 = \/Uz2 - (G - Y10)2

(14) AY]_ = C_ - Y].O

1
2
To be able to calculate Ax,, the height H of the associated isosceles triangle is calculated.
2 2 cr)?
W H=a*+(2)

2) H= /az + (%)2

Therefore, AX; results in:

2
(17) AXy = Xyo— H = Xyo — a2 + (2)

In analogy to equations (14) and (17), AX, and AY, are calculated for the opposite section of

the hoisting cable.
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Figure 12 illustrates that different lengths L, and L, of the sections HSL#1, HSL#2 of the
hoisting cable up to a sensor axis 222 result from the unwinding behavior of the hoisting
cable over the deflection pulleys 202, 204. This is compensated for by equation (18). The
average cable length L thus remains constant.

Li+L,

(18) L =

The distances AX,; and AY; or AX, and AY, determined by means of equations (7) and (8) or
(14) and (17) are now converted into angles by means of the known and constant cable
length from (18) up to the deflection pulley 202, 204.

The non-compensated angle ¢_ux according to equation (19) describes the deflection of the
load in relation to the trolley in the x-direction. Due to the inclination of the trolley LK, there is
a deviation from the absolute angle of the sections HSL#1, HSL#2 of the hoisting cable in
relation to the perpendicular through the trolley LK. The therefore uncompensated angle ¢,,
is therefore compensated for.

AX AX
arctan (T) +arctan (Tz)

2

(19) Qux =

In analogy, the angle ¢, is determined according to equation (20). In analogy to the angle
¢, this describes the deflection of the load in the y-direction. However, compensation is not

necessary in this case.

arctan(&;)+arctan(%)

(20) @1y = 2

Figure 13 illustrates the compensation of the angle ¢,,, for which the angle of inclination of
the trolley is used. The angle of inclination Ap caused by the bending of the trolley boom KA
during load movements is determined by sensors on the trolley LK. This angle of inclination
A@ measures the absolute angle of the trolley LK to the horizontal in the imaginary hx-plane,
which is spanned by the tower T and the trolley boom KA. Between a perpendicular L_LK
through the center of the trolley and an axis A_LK which is perpendicular to the current travel

axis of the trolley LK, the angle of inclination A results.

With the determined angle of inclination Ag, the angle ¢,, can now be compensated for

render ¢,,.:
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(21) P1x = Qux —A@

Thus, the two deflection angles or cable angles ¢,, and ¢,, are detected by means of
equations (20) and (21).

The measured deflection angles coming from the different sensor devices 210 and 310 of
Figure 1 are weighted by the factors k, : (0<k<1) und k,, : (0<k<1). In doing so, the
aforementioned factors weight the influence of the respective angle on the result of the
sensor fusion. The respective factor is adjusted depending on the pendulum length | in order
to minimize unwanted oscillations of the sensor data in extreme ranges. The sensor data of
the sensor device on the trolley are superimposed by the natural oscillation of the cable
sections of the hoisting cable for long cable lengths (>50m). The sensor data of the sensor
device on the load receiving means, on the other hand, are superimposed by the natural
oscillation for small cable lengths (<10m) due to the pronounced rocking of the bottom
flanges - especially when the hook is empty. Accordingly, the pendulum angles, which
correspond to a virtual cable angle up to the virtual load (see Figures 2 and 3), are

determined according to equations (22) and (23):

(22) @y = kx(plx + (1 - kx)(pr

(23) @y = ky(ply +(1- ky)§02y

The pendulum length I results to upon the fixable length I:

(24) 1= 1 + g

The fusion of the individual sensor data carried out in equations (22) and (23) reduces or

eliminates unwanted out-of-phase vibrations.

The vibrations caused by the load receiving means are detected on the trolley and the load
receiving means, which are each out of phase, and are advantageously eliminated by the
addition in equations (22) and (23). This is important because it often happens that the two
end points of the double pendulum (in this case the trolley and the load) do not move,
wherein only the middle part of the double pendulum (in this case the lower flanges or the

load receiving means) still oscillates.
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The pendulum angles ¢, and ¢, recorded in this way are used as process variables in the
regulation described. The virtual length or pendulum length [ is added to the model of the
crane as a parameter. In other words, the load position determined by the aforementioned
parameters is introduced into the regulation system as process parameters.

By the detecting of the deflection of the section KSL#1 of the trolley cable connected to the
trolley in relation to the longitudinal axis A_KA of the trolley boom KA, the angle of rotation 8

of the trolley LK about the vertical axis H of the tower T in the xy-plane is determined.

Figure 14 depicts how the elastic movement of the trolley boom KA results in a difference
between the angle of rotation 6 of the trolley LK, and thus the load relative to the longitudinal
axis A_KA of the trolley boom KA compared to the angle of rotation 8, of the tower T relative

to the trolley boom KA.

According to Figure 14, the sensor device 410 for the determination of a difference in the
angle of rotation AB comprises two sensors 412a and 412b, which are arranged stationary
relative to the trolley boom in the imaginary plane xy, and between which the section KSL#1
of the trolley cable is located. The sensors 412a and 412b determine the respective distance
to the section KSL#1 of the trolley cable. By knowing the distance between the sensor device
410 and the vertical axis of the tower, the rotational angle difference A8 can be determined.
For example, the sensors 412a and 412b are ultrasonic sensors, LIDAR sensors or other
sensors for measuring the distance between the sensors 412a, 412b and the section KSL#1
of the trolley cable.

Alternatively, it is conceivable to determine the difference in the angle of rotation A8 by using
additional sensors such as an electronic compass, GPS or other geometric measurement

methods, etc.

Consequently, the angle of rotation 6 of the trolley LK and thus of the load to the longitudinal

axis A_KA of the trolley boom KA results in:

(25) 0 = 6, + A0

In addition to the control system shown in Figure 4a, a state-space representation is
discussed in general terms below. In the state-space representation, linear systems of ny,
order are decomposed into n subsystems of first order in order to give a clear picture of the

mathematical description and the design of the state regulator. The trolley, for example, is a



25

multi-variable system with four state variables, as it has just as many essential memory
functions. Two of these state variables each relate to the trolley and to the multiple
pendulum, which comprises hoisting cable, load receiving means, attaching means and load.
Both systems considered individually represent a twofold integrating line. They are coupled
with each other because a movement of the trolley always results in a movement of the
multiple pendulum. The reaction of the movements of the multiple pendulum will be
neglected here, since the frequency converter regulates the speed of the trolley, and thus
prevents the retroaction on the trolley.

The regulator design builds on a mathematical description obtained from the multivariable
system through system analysis. The differential equations are put into matrix and vector
form, and can be transformed by matrix operations. The eigenvalues of the system are
obtained, by which eigenvalues the instability of the system can be recognized in this case.
When using the method of pole specification, a desired system is created - based on new,
chosen eigenvalues - which has a stable behavior and desired dynamics. The difference
between the real, unstable system and the desired system is then applied by the state

regulator with the help of the calculated regulator coefficients.

The function of the state regulator is to calculate the actuating variable from the state
variables and the target value. To do this, the state variables are multiplied by constant
regulator factors, and the target value is multiplied by the pre-filter value. The sum of these
products is then the wanted actuating variable. Basically, one could speak of four
superimposed P-regulators. This immediately shows that the state regulator has no | or D
components. The latter are only present insofar as a state variable can be the differential of

another state variable. Thus, D components are fed into the regulation again.

Figure 15 depicts a signal flow diagram which refers to the trolley and which results from the
following equation (29). A speed u_LK of the trolley corresponds to a variable at the regulator
output, and reacts to an abrupt change in the variable with a PT1 behavior. First, the

linearized fourth-order process model is described. The four state variables are defined as

follows:

x LK-position

x'=v LK-velocity

Oy pendulum angle

o, pendulum angular velocity: ¢_x' can be obtained either with an observer or

by numerical derivation:
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o (q)xk - (pxk—l)
o=

T, Sampling time.

The following process values are required to replicate the process and design the state
regulator:

Tseen  time constant of the PT1 element that regulates the actuator (frequency converter +
gear motor + mass inertias);

l Pendulum length as the distance to the load center of gravity S.

As already mentioned, the transition function of the speed can be approximated with that of a

PT1 element. Thus, the transition function of the trolley speed results in:

(26) x'=wu K- (1 - e_%)

K and T are parameters of the PT1 element, and will be determined below. The derivative of
equation (26) results in the LK acceleration:

27) x" =up, -g-e_%

Equation (27) is solved for e_%, and applying to equation (26) results in:

(28) T-x"+x" =K uy

K 1
(29) X' =suge = o

Figure 16 is used to examine the motion of the pendulum system. Two forces act on the
suspended multiple pendulum (see Figures 2 and 3 of the previous description): the
downward weight force F, and the cable force F;. The latter transmits the movements of the

trolley LK to the load with the mass m at the virtual center of gravity of the multiple pendulum.
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This results in balances of the horizontal and vertical forces, the sums of which, according to

Newton's equilibrium of forces, each give the value of zero. New auxiliary variables are:

x_Last horizontal position of the virtual center of gravity of the load or multiple pendulum;
and
h_Last vertical position of the virtual center of gravity of the load or multiple pendulum.

The horizontal forces and vertical forces are obtained according to equations (30) and (31):

(30) m-x_Last"” + F, -sin(¢p,) =0

(31) —m-g+m-h_Last”" + F, -cos(p,) =0

With respect to the state equations containing only x, x’, ¢, and ¢,’, all other variables (F;,
x_Last and h_Last) must be eliminated. Extending equation (30) by using cos(¢,) and equation
(31) by using sin(¢,), One obtains:

(32) m-x_Last" - cos(¢,) + F; - sin(¢p,) - cos(p,) =0

(33) —m - g - sin(¢p,) + m-h_Last" - sin(@,) + F, - cos(¢,) - sin(p,) =0

Subtracting (32) from (33) removes the bar force F,. The result is then divided by the load

mass m, thereby removing m as well:

(34) x_Last" - cos(¢,) — h_Last" - sin(@,) = —g - sin(@,)

The coordinates of the load (x_Last and h_Last) are eliminated using the transformation

equations:

(35) x_Last = x + 1 - sin(@,)

(36) h_Last =1 - cos(p,)

Since the variables x_Last und h_Last appear in their second derivative in (34), they must be

derived twice:

(37) x_Last' =x" + 1+ @, cos(p,)
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h_Last' = —1- @, sin(@,)

(38) x_Last” =x" + 1+ ¢@," - cos(¢p) — - @, sin(p,)

h_Last” = —L-@," - sin(¢) — L @,"% - cos(p,)

The equations for x_Last” and h_Last" (38) are inserted into equation (39). This results in the
non-linear differential equation of the pendulum system:

(39) x" - cos(@y) + - @, = —g - sin(e,)

In order to linearize this differential equation, the pendulum angle ¢, is assumed to be very

small:

¢, < 1=>sin(g,) = ¢, andcos(p,) ~1 and ¢,'*> =0

40) x" +1 9" =—g- @y

The linearized differential equation (40) is solved for ¢,” (41), and is represented as a signal

flow diagram in Figure 17.

(41) N

n

—~1r

x" in the time equation for the pendulum system according to equation (41) can be replaced
by the time equation (29) for the trolley. This allows the signal flow diagrams shown above to

be linked. The equation (29) inserted into (41) results in:

nm—_9., _X. W
(42) Ox = =P T x_Last+T_l x

In order to describe the system in the state space, the linear differential equations are
converted into state equations. For this, the variables x, x', ¢, und ¢, ..are replaced by the
state variables q = [0, q1, ¢2, q3]:

n_K, _1.
(43) x =7 Wk~ X

K 1
_'uLK+_'x’

m__9., _
(44) @ = . Dy T T

Vectors and matrices are introduced for the clearer short form. The vector differential

equation for state variables is obtained:
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s1 100y 0
45 o I L B + r
(45) o [Tlo 0 0 1| 0 | %k
o'l o = -2 o] ¥« K
l

3
3

The regulator receives as target value the desired speed of the trolley in the range from -100

to 100% of nominal speed with an accuracy of AV = -2 = 0.005% = 8.3 ™ and regulates the

speed of the trolley without amplification, from which follows K = K;,, = 1. The actual speed
follows the target value with a delay time of T = T, = 0.2 s.

In order to enable a pendulum-free positioning, a state regulator is used to convert the
undamped real system into a sufficiently damped desired system. To do this, numbers are

first inserted into the input and system matrix: T = Ty, = 0.2s; K = Ky, = 1; l: variable.

0 1 0 0 0

0 -5 0 0 5

(46) Ak =0 0 0 1| Bwk=]0
5

N -

Upon the assistance regulation, the speed of the LK is the controlled variable. The regulator
therefore ensures that the LK follows the speed specification as smoothly as possible. In this
case, the position of the trolley is of no interest, wherein the state space representation can

be reduced to this state variable. The new matrix representation is:

5
0
_3

1

In order to be able to design a regulator, a cable length according to the pendulum length I is

9.81

-5 0 0
(47) A = (5) 0 L By =
- 0
1

l

assumed: e.g. for =5 m the following matrix representation results:

-5 0 0 5
1 -1962 0 -1

The eigenvalues describing the system are obtained by finding the zero position of the

characteristic polynomial:

(49) det(A-1—A)=0
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Alternatively, a simulation tool is being used:

(50) eig(A) = [1.4007i —1.4007i —2.5]

With respect to the first and second imaginary solutions it can be seen that the real system is
an undamped oscillatory system, since real part first 2 poles is 0.

For the digital control, a discrete representation is required, which can be obtained, for

example, in Matlab with the following command:

(51) [Ad, Bd, Cd, Dd] = c2d(4, B, C, D, T,);

For T, = 0.1s:
0.7788 0 0 0.2212
(52) Ad = (0.0023 0.9902 0.0997| Bd = [—0.0023]
0.0441 —0.1956 0.9902 —0.0441

The eigenvalues for discrete representation result in:

0.9902 + 0.1396i
(53) EWd = eig(Ad) = | 0.9902 — 0.1396i
0.7788

1
(54) abs(EWd) = [ 1 l
0.7788

First and second complex poles lie on the unit circle, which also points to an oscillatory
system. In order to arrive at the pendulum-free desired system, the latter is defined by the
specification of its eigenvalues. The poles of the system are therefore specified (pole
specification). The poles are placed in such a way that the available acceleration moment is
not exceeded. The closer the poles are chosen to be at the center of the unit circle, the more
dynamic the desired system becomes, and the greater the maximum deflection angle during
the acceleration phase becomes, which has a negative effect on the steel structure. An
optimum is therefore determined in the sense of a compromise, taking both aspects into
account. If the cable length or pendulum length | changes, eigenvalues and the resulting

regulator are also recalculated or updated.
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As an alternative to pole presetting, a Riccati regulator (LQ regulator) can also be used. This
is a state regulator for a linear dynamic system whose feedback matrix is determined by
minimizing a quadratic cost function. This enables an optimal regulator design for given state

weights Q.

A system analysis of the rotating mechanism is carried out on the basis of Figures 18 and 19.
The four state variables of the rotating mechanism are defined as follows:

0 DW angle

0’ DW angular velocity

@y pendulum angle

@)’ pendulum angular velocity, which is obtained either by observation or by

numerical derivation.

The rotary motion of the trolley boom KA can be described by the following equation:

(55) I- 0" =M — Mg,

wherein the following variables are used:

A moment of inertia acting on rotating mechanism;
M driving torque of the rotating mechanism;
Mpg counter-torque;

Mp =Fz-x

(56) Mg =m -y, - x

Fr =sin(<py)-m-g
Iy~ 9”=M—sin((py)-m-g-x

The equations of motion for the load result in:

57)m-y/=y-m-g

m-z; = Fg

The equations of motion for the load in the Y-direction result in:
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y, =y +1-sin(g,)

yi=y'+1cos(oy) 0}

(58) y' =y" —L-sin(e,) - @y° + L cos(ey) - @y

The equations of motion for the load in the Z-direction result in:
z;, =1—1-cos (¢,)

z] = l-sin(qoy) @y

(59) z = 1~ cos(gy) - %’;2 +1-sin(py) - 9"
The equations (55) and (56) together result in:
60) [, 0" =M —m-x-y]’
Substituting equation (58) into (60) results in:

i+ 0" =M—m-x-(y" —1-sin(g,) ¢;* + 1 cos(py) - p}/)

6124 67 =2y 4 1 sin(p,) - )7 — L cos(py) - 0}

In order to obtain the 1% differential equation, the conversions from y" to 8" are performed:

y=x-0
ylzx_el
yllzx_ell

Substitution of the angle of rotation 0 in radians into y" results in:

1 M . ’ "

mf-lx-g =m—x-9 +l-sm(<py)'<py2—l'COS(‘Py)"Py

I 7 M i 4 !

m“_‘x-e”+x-9 =m+l-sm(<py)-<py2—l'COS(‘Py)"Py
(62) (= +5) 0" === +1-sin(p,) @}” —L-cos(py) -9y 1stDE

The differential equation (64) is identical to the differential equation (39) from the modelling of
the trolley:

x"cos(py) + 1@, =—g-sin(e,) 2.DE of the trolley
(1) Loy =—x""cos(py) — g sin(@y)
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Upon adaptation to the rotating mechanism, this results in:

Px = Py

xll _)yl! =x- 9”
This results in the 2" differential equation:

64) Ly =—x-0"" cos(qoy) -g- sin(goy) 2nd DE

In order to linearize the differential equations, the pendulum angle ¢, is assumed to be very

small:

(65) @, K 1 =>sin(p,) = ¢, undcos(p,) ~1 und ¢,'> =0

The process variable corresponds to the drive torque of the rotating mechanism (DW):

(66) M = upy
(67) 8" = ml'x'g @y + IL “Upw 1st DE
A A
n_ _(mxtg  9). , _ X,
(68) @y = ( A + 1) Py =1 Uow 2nd DE

In state space representation, this results in:

0 1 0 0
o' 0 mx-g 0 0 0 (1)
0" I o' T
_ A . Ia
©9) 1o, | =0 0 0o 1| |ey|T| o | %ow
4 mx*g  9) _4g 2% [
Oy 0 ( g 1) 1 0 7 g
r0 1 0 0
0 rg 0 0
Ia
(70) Apw = | 0 0 1
mx?g g g
0 _( g 7) -7 0
r 0
1
(71) Bpw =| 7§
_x
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The regulator design for the rotating mechanism (Y-direction) and the hoisting mechanism
essentially follows the same principle. The result is a crane model in state space consisting
of three states for the trolley model, four states for the rotating mechanism model and two

states for the hoist model:

States: Z=[x" o, o 6 0 ¢, o/ L U]

“ 0o o7 [*] | 0 0
Px Ak Apw 2 Ae 0 Of | x| |Byx 0 0
Px 0 Of |o 00
o' 0 0 O 0 0 2] 0 0] [Uk
e |=lo 0o 0 0 of-le|+[o 0'[unw]
o, [0 0 0 w0 ol [ey| [0 Bow o] luww
« o 0 o 0 of [o.] o 0
110000000 (p{ 00 ,
ll,, o o000 o0 o0 "l | loo "

The regulator uses, for example, the current position of the load in relation to the horizontal

tower axes or the speeds of the load as process variable.

The respective target values x.,;;, 850u, Lsou thatis S, are integrated from the joystick inputs of
the control unit. The speed u,, upy, ugyy, Of the respective drive (trolley carriage, rotating
mechanism and hoisting mechanism) is used as a preset in order to achieve both the target
speed of the load or the target position of the load. The joystick preset can be done both
step-based and as a percentage of the maximum speed. The following equations refer to the

examples in Figures 5 and 6.

(73) Ssoll = [xs’oll Hsoll lsoll]
(74) U = [ux Upw Upw]

750 Z=[x o, 6 @y A

760 Z=[x o o 6 0 o, @' L U]

In the regulation loop, the respective future movements of the measured variables
x' @, 6 8 @, lare calculated using the crane model (72). On this basis, the process
variable for the subsequent process loop is determined, and is provided to the crane as the

target variable.

In contrast to a conventional process system that only allows damping of the oscillation, an

optimal trajectory of the movement (based on neutralization of an upward oscillation leading
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to pendulum movement) of the load is calculated on the basis of the available (merged)
sensor and model data, so that no strong pendulum movement caused by the crane operator

or by the crane operation can occur.

A subsequent damping of the oscillating pendulum system is therefore not necessary, that is
a process scope designed for this is very limited and can be managed effectively.

After activation of the regulation by target value provision, the regulator transitions into
acceleration phase, during which not only pendulum movement caused by the initial
movement, but also initial pendulum movement is eliminated. After that, as long as the target
value (step) remains constant, the constant travel phase follows, where the load is moved at
constant speed without pendulum movement. Each target value or step change in turn

initiates an acceleration or braking phase.

The regulation is also activated after pulse-like actuation of the control panel. In this case,
only the initial pendulum movement is regulated. The time for the regulation can be sensibly
limited to a pendulum period. As is known, the pendulum period is only dependent on length

and is calculated by using the following formula:

—2.7- X
(77)T—2n\g

Figure 20 depicts in schematic form the control unit 100 which consists of a first computing
unit 150 and a second computing unit 160. The first computing unit 150 is connected to the
drives of the crane and provides safety functions such as emergency shutdowns and the like.

For example, the computing unit 150 is designed as a programmable logic regulator, PLC.

The second computing unit 160 is communicatively coupled to the first computing unit 150. In
step 162, the second computing unit 160 waits for a message from the first computing unit

S 1, that is the second computing unit 160 waits for a control telegram from the PLC. The
first computing unit 150 sends periodic messages including current control commands and
sensor data to the second computing unit 160. If the message comprises target variables
which are specified by the first computing unit 150, for example, by means of the joystick
input from the control panel or the radio remote control, then a change starting from a step
164 to block 110 of Figure 1 takes place, and the regulation is performed. In step 166, it is
checked whether manual activation of the regulation has been requested. If this is the case,

then the block 110 is being activated.
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In a step 168, it is checked whether a readjustment has to be done. If, for example, there is
no message from the first computing unit, it is checked whether actual variables or variables
derived therefrom exceed a given threshold value. If this is the case, the block 110 is
activated. The request for readjustment is determined, for example, when the angle of
rotation 8 of the trolley LK, the first pendulum angle or the second pendulum angle exceed a
respectively assigned threshold value. Thus, a readjustment is performed when the
movement of the load has not been completed after the absence of a control command. In
order to prevent the load from swinging, a readjustment of the load is initiated.

Block 110 determines actuating variables, which are transferred to the first computing unit in
a step 170 in order to be forwarded to the crane drives. The determination of the variables
u_LK, u_DW, u_HW by means of block 110 is therefore activated when at least one of the
following conditions occurs: presence 164 of the target variable S'_soll not equal to zero;
presence 166 of a manual activation of the determination 110 of the actuating variable

originating from a control unit 900; and presence 168 of a request for readjustment.
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Claims

1.  Tower crane (2), comprising:

a tower (T) having a vertical axis (H);

a trolley boom (KA) projecting from the tower (T);

a rotating mechanism (DW) for rotating at least the trolley boom (KA) about the vertical
axis (H);

a sensor device (510) for determining an angle of rotation (8u) of the trolley boom (KA)

about the vertical axis (H);

a trolley (LK) which can travel along the trolley boom (KA) and has at least a first and a
second deflection pulley (202, 204) for a hoisting cable (HSL);

a load receiving means (UF) having at least one deflection pulley (302) for the hoisting
cable (HSL);

a sensor device (310) arranged on the load receiving means (UF) for determining at
least a first deflection angle (¢_2x, @_2y) of the load receiving means (UF) with respect
to the perpendicular running through the load receiving means (UF);

the hoisting cable (HSL) which, starting from a hoisting mechanism (HW), is guided at
least over the first deflection pulley (202) of the trolley (LK), the at least one deflection
pulley (302) of the load receiving means (UF) and the second deflection pulley (204) of
the trolley (LK), and which is fastened to a distal section (4) of the trolley boom (KA);

the hoisting mechanism (HW);

a sensor device (210) arranged on the trolley (LK) for determining at least a second
deflection angle (¢_1y, ¢_ux) of at least a section (HSL#1, HSL#2) of the hoisting
cable (HS) located between the trolley (LK) and the load receiving means (UF) with

respect to the perpendicular passing through the trolley (LK);
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a trolley (KW) connected by means of a trolley cable (KSL) to the trolley (LK) for

movement thereof along the trolley boom (KA);

a sensor device (410) for detecting a rotational angle difference (A8) between the
rotational angle (Bu) of the trolley boom (KA) about the vertical axis (H) and the
rotational angle (B) of the trolley (LK) about the vertical axis (H); and

a control unit (100) which operates the rotating mechanism (DW), the hoisting
mechanism (HW) and the trolley (KW) as a function of at least the angle of rotation
(Bu), as a function of the at least one first angle of deflection (¢_2x, ¢_2y), as a
function of the at least one second angle of deflection (¢_1y, ¢_ux) and as a function of

the difference in angle of rotation (AB).

Tower crane (2) according to claim 1,

wherein the sensor device (410) for determining the rotational angle difference (AB) is
arranged fixedly relative to the trolley boom (KA), in particular on the trolley boom (KA)

or on a frame (402) of the trolley carriage (KW).

Tower crane (2) according to claim 1 or 2,

wherein a sensor signal generated by the sensor device (410) for determining the
angle of rotation difference (AB) represents a distance between the sensor device (410)
and a section (KSL#1) of the trolley cable (KSL) located between a pulley (6) fixed
proximal to the trolley boom (KA) and the trolley (LK);

wherein the angle of rotation difference (AB) is determined by means of the control unit

(100) in dependence on the sensor signal representing the distance.

Tower crane (2) according to any one of the preceding claims, wherein the sensor
device (410) for determining the angle of rotation difference (A8) starting from the tower
(T) is arranged in a first or proximal half, in particular in the first or proximal third, of the

length of the trolley boom (KA).

Tower crane (2) according to any one of the preceding claims,
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wherein a sensor signal generated by the sensor device (210) for determining the at
least one second deflection angle (¢_1y, @ _ux) represents a distance between the
sensor device (210) and the at least one section (HSL#1, HSL#2) of the hoisting cable
(HSL); and

wherein the at least one second deflection angle (¢_1y, @_ux) is determined by the
control unit (100) in dependence on the sensor signal representing the distance.

Tower crane (2) according to any one of the preceding claims, comprising:

a further sensor device (220) arranged on the trolley (LK) for determining at least one
angle of inclination (A@) of the trolley (LK) to a horizontal; and

wherein the control unit (100) additionally operates the rotating mechanism (DW), the
hoisting mechanism (HW) and the trolley (KW) in dependence on the at least one angle

of inclination (AQ).

Method of operating a tower crane (2), comprising:

Determining (1002) at least a first pendulum angle (¢_x) characterizing a deflection of
a virtual center of gravity of a multiple pendulum suspended from the trolley (LK) with

respect to a perpendicular passing through the trolley (LK) in a first spatial plane (xh);

determining (1004) at least one second pendulum angle (¢_y) which characterizes a
deflection of the center of gravity of the multiple pendulum relative to the perpendicular
running through the trolley (LK) in a second spatial plane (yh);

determining (1006) at least one angle of rotation (0) of the trolley (LK) about the vertical
axis (H) of the tower (T); and

determining (110; 1010) at least one variable (u_LK, u_DW, u_HW) for operating the
tower crane (2), in particular by means of at least one rotating mechanism (DW), at
least one hoisting mechanism (HW) and at least one trolley (KW), as a function of the
at least one first pendulum angle (¢_x), as a function of the at least one second

pendulum angle (¢_y) and as a function of the at least one angle of rotation (8).

Method according to claim 7, comprising:
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Determining (210) a deflection angle (¢_ux), lying in the first plane (xh), of at least one
section (HSL#1, HSL#2) of the hoisting cable (HSL) located between the trolley (LK)
and the load receiving means (UF) with respect to the perpendicular passing through
the trolley (LK);

determining (310) a deflection angle (¢_2x), located in the first plane (xh), of the load
receiving means (UF) suspended from the trolley (LK) by means of the hoisting cable
(HS), with respect to the perpendicular passing through the load receiving means (UF);
and

wherein the first pendulum angle (¢_x) is determined as a function of the deflection
angle (¢_ux), lying in the first plane, of the at least one section (HSL#1, HSL#2) of the
hoisting cable (HSL) and as a function of the deflection angle (¢_2x), lying in the first

plane (xh), of the load receiving means (UF).

Method according to any one of claims 7 to 8, comprising:

Determining (1012) a first weighting factor (kx) as a function of a pendulum length (1);

and

wherein the first pendulum angle (¢_x) is determined by weighting the in-plane
deflection angle (¢_ux) of the section (HSL#1, HSL#2) of the hoisting cable (HSL) in
dependence on the first weighting factor (kx) and by weighting the in-plane deflection
angle (¢_2x) of the load receiving means (UF) in dependence on the first weighting
factor (kx).

Method according to any one of claims 7 to 9, comprising:

Determining (220) an angle of inclination (A@) of the trolley (LK) with respect to the

horizontal;

determining (1014) a compensated deflection angle (¢_1x) lying in the first plane (xh)
as a function of the inclination angle (A) of the trolley (LK) and as a function of the
deflection angle (¢_ux) lying in the first plane of the at least one section (HSL#1,
HSL#2) of the hoisting cable (HSL);
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wherein the first pendulum angle (¢_x) is determined as a function of the compensated
deflection angle (¢_ux), lying in the first plane, of the at least one section (HSL#1,
HSL#2) of the hoisting cable (HSL) and as a function of the deflection angle (¢_2Xx),
lying in the first plane, of the load receiving means (UF).

Method according to any one of claims 7 to 10, comprising:

Determining (210) a deflection angle (¢_1y), lying in the second plane (yh), of the at
least one section (HSL#1, HSL#2) of the hoisting cable (HSL) located between the
trolley (LK) and the load receiving means (UF) with respect to the perpendicular
passing through the trolley (LK);

determining (310) a deflection angle (¢_2y), located in the second plane (yh), of the
load receiving means (UF) suspended from the trolley (LK) by means of the hoisting
cable (HSL) with respect to the perpendicular passing through the load receiving

means (UF); and

wherein the second deflection angle (¢_y) is determined as a function of the deflection
angle (¢_1y) lying in the second plane (yh) and as a function of the deflection angle

(¢p_2y) of the load receiving means (UF) lying in the second plane.

Method according to any one of claims 7 to 11, comprising:

Determining (1022) a second weighting factor (ky) as a function of the pendulum length
(h; and

wherein the second deflection angle (¢_y) is determined by weighting the deflection
angle (¢_1y) of the at least one section (HSL#1, HSL#2) of the hoisting cable (HSL)
lying in the second plane (yh) in dependence on the second weighting factor (ky) and
by weighting the deflection angle (¢_2y) of the load receiving means (UF) lying in the

second plane (yh) in dependence on the second weighting factor (ky).

Method according to any one of claims 7 to 12, comprising:

Determining (310) a length (I_1) of one of the sections (HSL#1, HSL#2) of the hoisting
cable (HSL) between the trolley (LK) and the load receiving means (UF); and
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determining (1024) the pendulum length (I) as a function of the length (I_1) of one of
the sections (HSL#1, HSL#2) of the hoisting cable (HSL) and a predetermined length
(I_k), which can in particular be predetermined manually during operation, of a load

cable (LSL) between the load receiving means (UF) and the load (L).

Method according to any one of claims 7 to 13, comprising:

Determining (510) an angle of rotation (Bu) of the trolley boom (KA) about the vertical
axis (H);

determining (410) a rotational angle difference (A8) between the rotational angle (8u) of
the trolley boom (KA) about the vertical axis (H) and the rotational angle (0) of the

trolley (LK) about the vertical axis (H); and

wherein the angle of rotation (0) of the trolley (LK) about the vertical axis (H) of the
tower (T) is determined as a function of the angle of rotation (6u) of the trolley boom

(KA) and as a function of the difference in angle of rotation (A8).

Method according to any one of claims 7 to 14, wherein the determination (110) of the
at least one variable (u_LK, u_DW, u_HW) is activated if at least one of the following
conditions occurs:

Presence (164) of at least one target value variable (S'_target value) other than zero;

presence (166) of a manual activation of the determination (110) of the at least one

variable originating from a control unit (900); and

presence (168) of a request for readjustment.

Method according to any one of claims 7 to 15, comprising:

updating (1030) a model, in particular matrices (A, B) characterizing the model, as a
function of the pendulum length (1), a position (x) of the trolley (LK) and as a function of

mass (m) associated with the multiple pendulum, determined in particular by means of

a sensor device (620); and
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wherein the determination (1010) of the at least one variable (u_LK, u_DW, u_HW) is

performed as a function of the updated model.

Method according to any one of claims 7 to 16, comprising:

updating (1032) a regulator, in particular gain factors (K'), as a function of the model, in
particular matrices (A, B) characterizing the model, and as a function of the pendulum
length (1); and

the determination (1010) of the at least one variable (u_LK, u_DW, u_HW) being
carried out as a function of the updated regulator.

Control unit (100) for operating a tower crane (2), comprising:

Means (1002) for determining at least a first pendulum angle (¢_X) characterizing a
deflection of a virtual center of gravity of a multiple pendulum suspended from a trolley
(LK) with respect to a perpendicular passing through the trolley (LK) in a first spatial
plane (xh);

means (1004) for determining at least a second pendulum angle (¢_y) which
characterizes a deflection of the center of gravity of the multiple pendulum relative to

the perpendicular running through the trolley (LK) in a second spatial plane (yh);

means (1006) for determining at least one angle of rotation (8) of the trolley (LK) about
the vertical axis (H) of the tower (T); and

means (110; 1010) for determining at least one variable (u_LK, u_DW, u_HW) for
operating the tower crane (2), in particular by means of at least one rotating
mechanism (DW), at least one hoisting mechanism (Hw) and at least one trolley (KW)
of the tower crane (2), as a function of the at least one first pendulum angle (¢_x), as a
function of the at least one second pendulum angle (¢_y) and as a function of the at

least one angle of rotation (8).

Trolley (LK) for a tower crane (2), comprising:

a carriage (206) for moving the trolley (LK) along a trolley boom (KA);
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at least two deflection pulleys (202, 204), which are arranged fixedly with respect to the
carriage (206), for deflecting a hoisting cable (HSL) in the direction of a load receiving

means (UF); and

a sensor device (210) arranged fixedly with respect to the carriage (206) for
determining at least one deflection angle (¢_1y, ¢_ux) of a section (HSL#1, HSL#2) of
the hoisting cable (HSL) located between the trolley (LK) and a load receiving means
(UF) with respect to the perpendicular running through the trolley (LK).

Trolley (LK) according to claim 19,

wherein at least one sensor signal generated by the sensor device (210) represents a
distance between the sensor device (210) and at least one section (HSL#1, HSL#2) of
the hoisting cable (HSL).

Trolley (LK) according to any one of claims 19 to 20,

wherein at least two sensors (214#1, 216#1; 214#2, 216#2) are associated with the at
least one section (HSL#1, HSL#2) of the hoisting cable (HSL), which sensors are
directed at the section (HSL#1, HSL#2) of the hoisting cable (HSL) from different
angles.

Trolley (LK) according to any one of claims 19 to 21,

wherein the sensor device (210) is arranged at least in part between the at least two
sections (HSL#1, HSL#2) of the hoisting cable (HSL).

Trolley (LK) according to any one of claims 19 to 22, comprising:

at least one further sensor device (220) fixedly arranged with respect to the carriage
(206) for generating at least one further sensor signal characterizing an inclination of
the trolley (LK) with respect to a horizontal.

Trolley (KW) for arrangement on a trolley boom (KA) of a tower crane (2), comprising:

a frame (402);
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a drive unit fixed to the frame (402) for winding and unwinding a trolley wire (KSL); and

a sensor device (410) fixedly disposed to the frame (402) for detecting a rotational
angle difference (AB) between a rotational angle (Bu) of the trolley boom (KA) about a
vertical axis (H) of a tower (T) of the tower crane (2) and a rotational angle of the trolley
(LK) about the vertical axis (H).

Trolley (KW) according to the preceding claim,

wherein a sensor signal generated by the sensor device (410) for determining the
angle of rotation difference (AB) represents a distance between the sensor device (410)
and a section (KSL#1) of the trolley cable (KSL).

Use of the tower crane (2) according to any one of claims 1 to 6, the method according
to any one of claims 7 to 17, the control unit (100) according to claim 18, the trolley
(LK) according to any one of claims 19 to 23 or the trolley (KW) according to claim 24
or 25.



