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Abstract: Tower cranes are needed to move heavy objects safely around construction sites. In tower
cranes, payload oscillations are a typical problem that can cause safety issues, especially if the
crane is not operated by an experienced user. Depending on the system, there are different causes
for oscillations, e.g., inertial forces from the crane movement or external forces, such as weather
conditions. Hence, the selected control law for input tracking plays an important role to limit the
oscillatory motion and to help the crane operator to prevent unwanted operations. In this paper,
we study the slew control of a tower crane application from the viewpoint of reducing payload
oscillations. Two different approaches are studied: open-loop control based on extrainsensitive
input shaping and closed-loop swing angle control, based on the estimation of the hoist cable
angle. The proposed control approaches are validated by running the developed control program
against a multibody mechanics simulator containing a model of a Liebherr tower crane. The studied
control laws are also evaluated using an experimental setup, which consists of a two-axis manipulator,
inverters, and a programmable logic controller in which the studied control methods are implemented.
The results from the multibody dynamics simulations and from the experimental setup are presented
and evaluated from the viewpoint of crane operation.

Keywords: input shaping; payload oscillations; swing angle estimation; slew control; tower crane

1. Introduction

Tower cranes are widely used for lifting operations in different construction and
industrial sites. During the operation of these cranes, the possible oscillatory behavior
caused by the moving payload may have an adverse effect both on the accuracy of payload
positioning and on safety. The control of these oscillations is a challenging task because
of the nonlinear nature of the rotating system dynamics, and on the other hand, in most
cases, there are not enough sensors to be used for compensation. This problem has been a
topic of intense research in recent years and has resulted in several papers focusing on the
modeling and control of various gantry and tower crane applications.

In the literature, various control approaches have been proposed to reduce the pay-
load oscillations of different tower crane applications. The approaches can be roughly
categorized into open- and closed-loop ones. The most straightforward methods are based
on filtering of the natural frequencies from the trolley motion by using notch or low-pass
filters [1]. The well-known input shaping can also be included in the same category as a
method to modify the signal commands in order to minimize vibration [2]. Input shaping
can be carried out in various ways, e.g., by creating multi-input-shaped commands [3],
radial-motion-assisted shapers [4], or a zero-vibration shaper [5], to name but a few. The
methods based on input shaping can be regarded as open-loop control methods, because
the motion references are manipulated prior to being fed to controllers, and their main
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advantage is that they do not require any measurement sensor for the payload angles.
Different kinds of methods have also been proposed for input reference shaping, as in [6],
where the authors use a model predictive controller to calculate optimal references for the
inner loop PID control. The other category of approaches to reduce payload oscillations is
closed-loop ones that are based on advanced control topologies, estimations, or additional
feedback measurements. In [7], a neural-network-based control law is applied to a tower
crane. Another approach is proposed in [8], where an elastic jib model for a large tower
crane is derived and a state feedback law is proposed. In [9], a real-time optimal velocity
control that is capable of limiting oscillations is presented. An inverse dynamics-based
approach is introduced in [10] and compared with the traditional input shaper method.
An observer-based nonlinear feedback controller for four-degree-of-freedom offshore ship-
mounted tower cranes is proposed in [11]. A ship-mounted tower crane suffers from
disturbances caused by sea waves or currents, which makes the controller design for such
a system extra challenging. In [12], an adaptive sliding mode control is proposed for the
antiswing control of a tower crane because of its robustness against system uncertainties
and external disturbances. Further, in [13], an adaptive fuzzy control is proposed for the
control of overhead cranes. The robustness of the method is tested with nonlinear distur-
bances. Due to the nature of disturbances (changing payloads, wind forces, collisions) in
crane applications, it can be hard to measure the effect of disturbances on the crane system
without extensive instrumentation. Adding extra instrumentation, on the other hand, is
undesirable in the harsh environment in which the cranes operate. The control system must
be designed robust enough to withstand these disturbances. Simulation of the effect of
wind forces to a load carried by a mobile crane is presented in [14]. Although safety is not
the primary aspect of this work, safety plays an important role in crane operations. Control
system safety aspects of heavy industrial cranes are addressed and discussed in [15].

A crane should be able to transfer its payload quickly to the target position while
suppressing the payload sway. The problem of load transfer is addressed in [16], where
a control approach is proposed that is robust to variable rope length. Another approach,
called saturating control, presented in [17], is used for suppressing the payload sway.
In [18], a feedback control, based on inverse dynamics, is proposed to make the load follow
a reference trajectory. Similar approach is often used in the control of industrial robot
applications. In [19] an approach based on controlling the load position of an overhead
crane instead of the trolley position, is presented for avoiding collisions of load with
obstacles and to reduce load transfer time and residual vibration.

An antiswing control for crane application, based on swing angle feedback, is pre-
sented in [20]. Equations of motion for the load swing of a tower crane are presented
in [21]. In this paper, the swing angle feedback control of [20] is combined with a swing
angle estimator built from the equations presented in [21] to generate estimator-based
swing angle feedback control. In this paper, we compare traditional input shaping and
the estimator-based swing angle feedback control for reduction of payload oscillations
of a tower crane. The comparison is conducted by using a virtual simulation tool and a
small-scale experimental setup. Simulations are carried out using a multibody dynamics
simulator environment with a model of a Liebherr 112EC-B8 tower crane. Both control
approaches are also tested using a small-scale experimental laboratory setup, which has a
belt-driven axis and a pendulum with angle measurement. This setup emulates one axis
(trolley) of the tower crane movement. Although tower crane is used when comparing
these methods, these methods can be adopted to other types of cranes, for example, gantry
cranes and overhead cranes.

2. Slew Control Approaches

The tower crane has three degrees of freedom associated with the movement of the
payload. The rotational motion of the movable jib is referred to as slew, the horizontal
motion along with the jib as trolley, and the vertical movement of the payload as hoist
as depicted in Figure 1la. The swing angle is the angle between the hoist cable and a
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straight vertical line down from the trolley. The swing angle can be divided into radial
and tangential components. Naturally, when the crane is operated, the movement of the
payload may cause oscillatory behavior. Because this behavior is nonlinear in nature,
the control of the unwanted oscillations is a difficult problem to solve. In most cases,
there is not enough information, i.e., measurements from the system, in order to obtain a
feedback-based control law. Thus, the derived control laws must be designed so that they
reduce oscillations, e.g., by input reference shaping or by using estimator-based control
strategies. In this paper, the slew motion of a tower crane application (see Figure 1a is
analyzed from the viewpoint of reducing payload vibration by considering two different
control approaches: (i) an open-loop robust extrainsensitive (EI) shaper and (ii) a slew-
angle-estimation-based closed-loop method.

\
Payload

(a) (b)
Figure 1. (a) Tower crane with three degrees of freedom: rotational movement (slew), horizontal
movement (trolley), and vertical movement (hoist). (b) Simplified free body diagram of the dynamics.

2.1. Extrainsensitive Input Shaper

Input shaping is an open-loop approach for the slew control, and it consists of con-
volving of the input signal with well-chosen impulses. The basic idea is to compensate the
oscillatory motion by shifted pulses

n
F(s)=Ag+)_ AT, )
i=1

where Ay...A; and T7...T,; are the amplitudes and time delays of the pulses. The basic
principle of the input shaping approach is depicted in Figure 2b, where the velocity inner
loop control C(s) is a PID-based control. A block diagram of an input shaper is presented
in Figure 2a. The input shaper consists of gains and delays. Different shapers can be
obtained by changing the number of impulses and their amplitudes and delays. It is worth
remarking that this method causes a lag to the operator’s commands and makes operating
of the crane somewhat more difficult.

] i
— L0~ w7

" Control  System

Shaper

b)

Figure 2. (a) Input shaper design using gains and delays and (b) input shaper used with the control.

In a tower crane system, the input shaping approach can reduce oscillations caused by
inertial forces by modifying the reference signal. As real applications are often complicated
to model accurately, the selected shaping approach should be designed so that it is robust
to modeling errors and uncertainties. Different shaper designs have been presented in [22];
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in the present paper, the extrainsensitive shaper (EI shaper) has been selected because of its
insensitivity to modeling errors. Impulse amplitudes A and their delays ¢ can be calculated
as follows

A 14V 1-Viu 14V
El = = 4 2 4

2
t; 0 % T ’ ( )
where V},; is the maximum allowed residual vibration (e.g., 5% — V},; = 0.05), and 7 is the
period of undamped vibration. Residual vibration is the ratio of the vibration amplitude
with input shaping to that without input shaping [22]. The period of undamped vibration
can be calculated using

=2 lcable (3)

where I ;5. is the length of the hoist cable, and g is the gravitational acceleration. It is worth
noticing that when the length of the hoist cable changes, its oscillation period changes.
Therefore, delays of the shaper impulses must be changed accordingly. Depending on the
shape of the load, the effective length of the hoist cable varies, and thereby the estimated or
measured hoist cable length may differ. Thus, the robustness is provided by the selected
El-based input shaper structure.

2.2. Swing-Angle-Estimation-Based Closed-Loop Control

A swing angle feedback control is also studied in this paper. The method is based
on the estimation of the hoist cable swing angle that is fed back to modify the speed
reference to the speed controller. The slew and the trolley axis have their own independent
speed control loops with a swing angle estimator. The estimator uses the radial and
tangential acceleration of the trolley to calculate the estimated swing angle. Equations for
the tangential and radial swing angles are derived in [21], and they are linearized for small
swing angles by replacing sin(#) with 6. The estimated radial swing angle ¢ (caused by the
trolley movement, see Figure 1b) can be calculated from

4} — w, @)

lcable

where a; denotes acceleration of the trolley, g is the gravitational force constant, and .., is
the length of the hoist cable. The estimated tangential swing angle 6 (caused by the slew
motion, see Figure 1b) can be calculated from

xtwb — g@

6 = (5)

Leaple
where x; denotes the trolley position (distance from the pivot point), wy, is the rotational
acceleration of the boom, and 6 is the tangential swing angle of the hoist cable. It should be
noted from (5) that the position of the trolley is required for the estimation of the tangential
swing angle. The closed-loop approach is depicted in Figure 3, where the estimated value
is used as a feedback for the PID velocity control. The PID controller controls the velocity
of the associated axis according to the reference. The controller itself is a standard parallel-
form PID controller. In the studied approach, the closed-loop controllers for the slew
and the trolley movement use the estimated values as feedbacks, and they are working
independent from each other. The estimated value is scaled by a gain K to obtain a suitable
control effort. The gain can be different for each axis (Ky for the radial and Ky for the
tangential axis). A rough guide for selecting an initial value for the parameter K is that it
should produce approx. 50% of the maximum speed reference of the speed control when
the swing angle is at its expected maximum. For example, if the maximum expected swing
angle is 5 degrees, and the speed reference to the motor is between —1...1, a good initial
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value for the tuning parameter K would be 0.1 (0.1 x 5 = 0.5). The control error for the
trolley movement ¢; can then be expressed as

et = Wyepy — Wi — Ko - , (6)

where wy, s is the speed reference to the trolley motor, w; is the actual speed of the trolley
motor, ¢ is the estimated radial component of the swing angle, and Ky is the tuning
parameter on how much the swing angle affects the speed control error of the trolley motor.
The equation is similar in the case of slew motion (tangential), but the variables are only
replaced by the variables for slew motion.

vel.ref  + Veloci
el. re > C(S) > G(S) eocnty>
_ Velocity System
Control

Swing Angle (_i ¢

Estimator dt

Figure 3. Proposed closed-loop method with a swing angle estimator. Acceleration of the trolley
is the input to the estimator. It outputs the estimated angle, which is then multiplied by a tuning
parameter K.

The hoist cable length is required for the estimation of the swing angles. However, it
can be estimated by using information on the velocity of the hoist motor and mechanics
of the hoist system. The initial position can be identified by performing an identification
run at the system power-up, e.g., by raising or lowering the hook to its highest or lowest
position and resetting the position to that.

3. Simulation Results

The tower crane control algorithms are simulated using a multibody dynamics sim-
ulator built by Mevea Ltd. (shown in Figure 4a. A Liebherr 112EC-B8 tower crane and a
training area are modeled in the simulator, as the model and the simulator are also used for
operator training (see Figure 4b). The multibody dynamics simulator communicates via an
Ethernet connection with a relaying program. This relaying program connects to the Crane
Control software, which is used for the implementation of the control algorithms and the
user interface for changing control parameters. From the relaying program, it is possible to
route signals to a programmable logic controller (PLC) and connect the actual hardware to
the simulation loop. For example, one of the virtual motor drives of the crane can be substi-
tuted with a real one, i.e., modified to a hardware-in-loop (HIL) simulation [23]. However,
the tests carried out in this paper are conducted without HIL simulation, and thus only the
software components are used to model the crane. The simulation environment used in
this study is presented in detail in [24].

The studied slew control approaches, namely the El-shaper-based open-loop control
and the swing-angle-estimator-based closed-loop control, are simulated and evaluated
by considering similar operating conditions. The length of the cable is set to a constant
value .7, = 19.2 m to represent low-frequency oscillations, and the trolley position is kept
constant. A barrel (mass 100 kg) is used as a load. The performance of the approaches is
evaluated by means of residual vibrations at the end position of the motion profile.



Appl. Sci. 2022, 12, 5945

6 of 12

Figure 4. (a) Cabin of the multibody dynamics simulator and (b) model of a Liebherr 112EC-B8
tower crane.

3.1. Shaper-Based Control

In Figure 5, the results of the input shaper are shown when the delays and amplitudes
of the three impulses of the shaper have been tuned using the selected cable length and
a residual vibration tolerance value of 5%, Vj, = 0.05. Figure 5a illustrates the situation
without the shaper when the crane operator rotates the boom at the maximum velocity
for about 15 s. Obviously, the load oscillatory movement is observable as the load swings
heavily during the movement, and after the motion profile, a residual oscillation with an
amplitude of 3.7 degrees is seen. In contrast, in Figure 5b, the EI shaper is applied, which
significantly reduces oscillations in the system, as can be seen in the reduced residual
vibrations. With the input shaper, the residual vibration is reduced to approximately 11%
of the residual vibration without shaping.

1
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Figure 5. (a) Full slew movement without the input shaper and (b) results obtained with the EI input
shaper method.

To further analyze the robustness properties of the El-shaper-based approach, the
actual cable length [, is varied and the shaper is designed using different design values
lgesign- The hoist cable length is considered the main source of uncertainty because its length
varies greatly. Furthermore, the shape and size of the payload change the effective length
of the hoist cable. In Figure 6, the results of four different tests are shown, where (a) the
cable length is 45, = 5 m and the shaper is designed using cable length value /50, = 10 m;
(b) Ieapie =5 and ldesign =15 m; (c) leapte = 15 and ldesign =10 m; and (d) /czpre = 15 m and
lgesign = 20 m. Based on the results with various operating and design conditions, the
residual vibration is low compared with the design without the shaper in Figure 5a. Thus,
it is shown that the EI shaper provides good robustness properties.
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Figure 6. Analysis of the shaper design robustness against different actual cable lengths (I ;.): (a)
leapte = 5 m and ldesign =10 m; (b) Icgpre = 5 m and ldesign =15m; (¢) l¢apte = 15 m and ldesign =10 m;
and (d) lgpre = 15 m and lyesin, = 20 m.

3.2. Swing-Angle-Estimation-Based Closed-Loop Control

The proposed closed-loop control based on the swing angle estimation is studied using
the multibody dynamics simulator. In Figure 7, the results are shown (a) when the crane is
operated only with the velocity control loop and (b) when the swing angle control is added
to the system. A full-speed slew movement is used as a reference signal. The estimated
swing angle is used as a feedback signal in the multibody dynamics simulator tests. The
swing angle gain value (the tuning parameter K in Figure 3) is 5 for both the slew and the
trolley movement (Ky = Ky = 5). The swing angle from measurement and estimation is in
radians (degrees are used in figures), and the speed references to the slew and the trolley
axis are in p.u. —1...1. The speed of the slew and the trolley motor is controlled by a PI
controller. Swing angle estimation uses the actual hoist cable length.

o
=

o
=

Slew speed [rad/s]
(=)

Slew speed [rad/s]
S

-0.1 -0.1
0 20 40 60
Time [s] Time [s]
Py — Measured ,,,*yj 7777777777777 Py — Measured 7: 777777777777 |
= = =Estimated| 1/ = = =Estimated| | «

Figure 7. Comparison of control performance (a) without swing angle control and (b) with swing
angle control.

According to Figure 7, the swing angle is overestimated compared with the measured
swing angle. However, the control is capable of reducing the load swing without exact
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swing angle information. The difference in amplitudes between the measured and the
estimated swing angle can be compensated by using the swing angle gain value of the
control. As long as the estimated swing angle has a correct sign during the acceleration
and deceleration phases of the axis movement, the control is capable of reducing the load
swing during these phases by slowing down or speeding up the axis and allowing the load
to “catch up”. In Figure 7a, the different signs of the measured and the estimated swing
angles at time t = 10 s and at ¢ = 32 s are explained by air friction. As the cable and the load
are moving through the air, it causes a small angle to the hoist cable in the simulator. The
estimator does not take this into account, and it assumes that the load is swinging forward
(in the direction of motion) when the acceleration ends and a constant speed is reached.
Despite this, the residual vibration at the end of the motion is significantly reduced when
using the feedback control.

4. Experimental Results

A two-axis manipulator setup is used as an experimental setup for verification of
the tower crane control algorithms. The experimental system is depicted in Figure 8. The
manipulator setup consists of two belt-driven axes, two ABB ACSM1 frequency converters,
and an ABB AC500 PLC connected to the frequency converters via an EtherCAT fieldbus. A
stiff rod is acting as the load of the crane. The rod is connected to a rotary encoder for swing
angle measurement. It is worth remarking that there is only one axis of the manipulator in
the experimental evaluation, because the rotary encoder allows to measure axis movement
only in one direction. Therefore, the manipulator setup used here only emulates the trolley
movement of the tower crane.

/ 8 et
CHE

Figure 8. Experimental test setup emulating the trolley movement of the tower crane.

Both control methods are tested by implementing control algorithms to the PLC using
the IEC61131-3 Structured Text language. A separate function generates a step up-step
down speed reference to the axis in order to obtain comparable results. The function
sets the speed reference to 10% of the nominal speed of the motor, which translates into
approx. 0.79 m/s for 2 s and then zeros it. For data acquisition, the PLC sends reference
values, actual values, and measured and estimated swing angles to a data logging computer.
Figure 9 illustrates a test result when no control functions to suppress the oscillations are
applied. Figure 9 also shows the estimated swing angle calculated using (4) by feeding the
trolley movement to the equation.

As can be seen from Figure 9, the system oscillates heavily without supporting control
functions. Next, an EI shaper is tuned to the system based on (2) and (3). With the maximum
allowed residual vibration V},; = 0.05 and by testing, we get an oscillation period T = 1.56 s
for the pendulum. The vibration period is determined experimentally because the mass of
the rod affects the center of gravity of the rod and weight system, and the equation for the
vibration period of a mathematical pendulum as a function of pendulum length cannot be
employed by using the total length of the rod and the load as the pendulum length. We
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get impulse amplitudes A; = [0.2625 0.475 0.2625] and delays T; = [0 0.78 1.56] s for the EI
shaper. The experimental test result using the EI shaper is presented in Figure 10.

Speed Swing angle

0.8 20

Measured
Estimated

Speed reference
Actual speed

o

[}
——

o

Speed [m/s]
o ¢
=

Angle [deg]
o

o
[N}
o

0 5 10 15 20 25 0 5 10 15 20 25
Time [s] Time [s]

Figure 9. Speed reference and the actual speed (left) and the measured and estimated swing angles
(right) when no control is applied.
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Figure 10. Speed reference and the actual speed and the measured and estimated swing angles when
the EI shaper is applied.

As the results indicate, using a shaper to modify the input to the system significantly
reduces load oscillations. The residual vibration (oscillation amplitude after the movement
has ended) is approximately 10 degrees in the uncontrolled case, whereas the residual
vibration is approximately 2 degrees when using an input shaper. The adverse effect
of input shaping is visible in the shaped input signal as the trolley continues to move
approximately 2 s after the reference signal has reached zero.

Next, the feedback-based control law is evaluated both by using direct measurement
and estimation of the angle. Figure 11 presents a test result using the swing angle control
law when the measured angle from the rotary encoder is used as a feedback. A swing angle
gain value of 150 is used for the test, and it is kept the same in all tests. Using the feedback
control reduces the delay in the operator commands compared with the input shaper. In
this case, when using the actual measured angle from the sensor, the residual vibration is
approximately the same as when using the input shaper shown in Figure 10. Next, the test
result with the swing-angle-estimation-based feedback control is illustrated in Figure 12.

As can be noticed from the previous figures, the estimator overestimates the swing
angle, which causes the system to react more strongly to the swing angle. This causes
a slower movement and some correction action after the reference has reached zero but
also small residual vibration. The value of the angle gain K¢ was 150 during these tests;
it is a tuning parameter that can be used to tune how much the control modifies the
speed reference signal. It could even be a parameter that can be adjusted by the operator,
as long as it has limits to prevent instability. The value of 150 used in the tests was
selected experimentally.

As the load of the crane changes, the effective hoist cable length changes depending
on the shape of the load. This causes an error between the actual and the assumed hoist
cable length, which then affects the estimated swing angle. In Figure 13, robustness of the
swing angle feedback control is tested by keeping the actual length of the rod and the load
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system constant, but the [y, used in the estimator is varied. Results of the figure show
that varying the hoist cable length (I.,3;.) between 80% and 120% of the actual length causes
a residual vibration amplitude of 1 degree at worst.

Speed [m/s]

0.8

0.6

0.4

0.2

-0.2

Speed 10 Swing angle
Speed reference Measured
Actual speed 5 Estimated
= A\
8 ° WA
2
2 5
<
-10
-15
5 10 15 20 25 0 5 10 15 20
Time [s] Time [s]

25

Figure 11. Speed reference and the actual speed and the measured and estimated swing angles when

the swing angle feedback control using the measured angle is applied.
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Figure 12. Speed reference and the actual speed and the measured and estimated swing angles when

the swing angle feedback control using the estimated angle is applied.

Swing angle [deg]

Measured swing angle
T T

80% |

—90%
110%

—120% _|

2 3 4
Time [s]

Figure 13. Measured swing angle when the hoist cable length is 80%, 90%, 110%, or 120% of the
correct value.

5. Discussion

In this paper, we proposed methods for the swing angle control of a tower crane
application with the main focus on reducing the payload oscillations. An extrainsensitive
(EI) shaper and slew-angle-estimation-based closed-loop approaches were studied in a
multibody simulator environment and by using an experimental small-scale setup.

The results indicate that although the input shaper suppresses load swing, it causes a
long lag to the operator’s commands. Moreover, the lag is also dependent on the hoist cable
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length. From the crane operator’s viewpoint, this can be difficult to learn to compensate. For
instance, when the values ., = 19.2 m and V},; = 0.05 are used for the EI shaper design,
the amplitudes are Ap = 0.2625, A1 = 0.4750, and A, = 0.2625 with delays 1y = 4.4 s and
71 = 8.8 s, respectively. When the full movement is operated with the joystick, only 26.25%
of the control action takes place in real time, and when the second impulse starts to take
effect, the crane moves on about 75% of the operators command.

As an alternative method, a swing-angle-feedback-based control was proposed. The
simulation results show that the suggested method is as effective or better than the input
shaper for reducing the load swing, without causing a noticeable lag to the operator
commands. Although the estimated angle differs from the measured one, the swing angle
feedback works well when using the estimated information, as long as the estimated angle
has the same phase and roughly the same amplitude as the measured angle.

The hoist cable length naturally varies during lift operations; hence, the control
algorithms must adapt to the changes. If not measured, the cable length can be estimated
using the hoist motor speed and information on the mechanics of the hoist system if
the initial position is known. The initial position can be recorded by performing an
identification run every time the system is powered on, for example. Robustness of the
estimated swing-angle-based feedback control for error in the hoist cable length was also
shown. According to the results, varying the hoist cable length between 80% and 120% of
the actual hoist cable length does not significantly affect the performance of the control.
In tower cranes, using estimators reduces the need for sensors, as the need of sensors can
be undesirable in harsh environmental conditions. Both of the compared methods suffer
from external disturbances, such as the force of wind, as they have no information on
external forces. Cranes typically have a wind anemometer installed, but the size and shape
of payloads vary greatly, which makes it unreliable to estimate the force of wind acting on
the payload.

Although a tower crane was used as a case example, this routine can also be adopted
to other types of crane. For example, an overhead crane (also called bridge crane) has a
similar construction to the experimental setup and has only trolley and hoist movement. In
the future, it would be interesting to study the effect of changing the tuning parameter K
to an adaptive value as in [25]. This would, however, mean that the performance of the
control should be monitored, in other words, the swing angle should be measured. This
might pose a problem in a real crane but not in an experimental setup.
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