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Abstract

Today, tower cranes are in widespread use on construction sites all around the world. An

important issue that arises when operating these cranes is the oscillatory behavior that occurs

during payload transportation, which can have severe effects on safety as well as accuracy of

payload delivery. Due to the nonlinear nature of the rotating crane motion, controlling these

oscillations is a complex task. Additionally, the lack of sensors on many cranes that are in

use today requires extra effort to design effective control strategies. While current research has

made good progress on the subject of tower crane control, less attention has been given to the

practical implications of applying these control methods to industrial tower cranes.

This thesis provides a comparison of some of the best possible tower crane control strategies

that can be achieved using modern control concepts. A performance analysis as well as a more

practical comparison through a real-time tower crane simulator will give a deeper insight into

the theoretical and practical limitations of these methods.
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Sammanfattning

Tornkranar används p̊a byggarbetsplatser över hela världen. En egenskap hos dessa kranar som

oftast inte är önskvärd är det oscillerande beteendet av lasten under förflyttningen. Detta har

en negativ p̊averkan p̊a säkerheten och positionsnoggranheten av lasten. P̊a grund av den icke-

linjära karaktären av den roterande rörelsen av tornkranen är det sv̊art att h̊alla svängningarna

under kontroll. Likas̊a saknas sensorer i m̊anga kranar vilket gör det extra sv̊art att utveckla en

effektiv styrstrategi. Den senaste forskningen har lett till ett antal framg̊angsrika metoder för

kontroll av tornkranar, men mindre uppmärksamhet har ägnats åt de praktiska implikationerna

av tillämpningen av dessa metoder p̊a industriella tornkranar.

Det här examensarbetet ger en jämförelse av n̊agra av de mest lovande moderna teknikerna för

kontroll av tornkranar. En prestandajämförelse och en mer praktisk jämförelse med hjälp av en

realtids-kran-simulator ger en djupare insikt i de teoretiska och praktiska begränsningarna av

de olika metoderna.
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Chapter 1

Introduction

The work presented in this thesis deals with the problem of vibration reduc-
tion in slew control of tower cranes. In this introductory chapter a detailed
description of the tower crane control problem is formulated and the used
research methodology is presented.

1.1 Background situation

All around the world, cranes have played a dominant role in helping with
the task of lifting and transporting heavy payloads. They are used in many
different places such as shipyards, construction sites and industrial work-
places. Today, many different crane types exist, each type being specifically
designed for the environment in which it is being used. One of the more
common crane types is the tower crane, which is the type of crane that this
thesis will focus on.

The tower crane is mainly used on construction sites, and has proven its
usefulness in the construction of very tall buildings. This type of crane has
a small footprint, but is still able to cover a very wide working area. It
basically consists of a high vertical mast on top of which a long horizontal
movable jib is attached. One side of the jib is used to carry the heavy
payload attached on a cable, while the other, shorter side of the jib (also
called the counterjib) acts as a counterweight. Figure 1.1 gives an overview
of the basic elements of a tower crane.

A crane with such a configuration has three degrees of freedom. The first
one is the rotational (slew) motion of the horizontal jib. The other two
are the horizontal movement of the cable base along the jib (trolley) and
the vertical movement of the payload (hoist). The crane is controlled by a
human operator, who is usually sitting in a cab at the top of the crane.
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1.2 Problem description

Mast

Jib

Counterweight

Trolley

Payload

trolley

hoist

slew

Figure 1.1: Tower crane.

As the crane can be used to carry very heavy payloads, the necessary atten-
tion needs to go to assuring the continuous safety of all the people involved.
When in motion, the payload and cable assembly will act as a pendulum,
and is therefore also susceptible to strong swinging. It is the responsibility
of a skilled crane operator to counteract these swinging motions, and at the
same time maintain an adequate speed. A good operator is able to suppress
the oscillations as much as possible, thereby improving the overall safety on
the site as well as increasing the accuracy of the payload delivery.

1.2 Problem description

Despite the high level of competence of skilled tower crane operators, it is
practically impossible to completely remove payload oscillations in all possi-
ble circumstances. External disturbances such as wind can easily initiate an
oscillation. After a while, the oscillations can become larger, until the point
is reached where the crane operations have to be stopped and the oscilla-
tion has to die out, which can take a very long time. Even without these
disturbances, due to the complex effects of the rotary crane movements on
the payload, oscillations are still hard to suppress.

Researchers have therefore tried to find different ways to control the move-
ment of the crane in order to prevent or reduce this payload swinging, with
varying levels of success. A summary of the past research on tower crane
control is given in Chapter 2. When it comes to so-called gantry cranes
and overhead/bridge cranes (horizontal motion in two perpendicular direc-
tions) good results have already been obtained. Successful results with tower

2



Introduction

cranes however are much harder to achieve, due to the fact that the high
nonlinearities in these cranes considerably complicate the needed control
effort.

Another complication is that many tower cranes are equipped with very few
– if any – sensors. Since many control methods require the availability of
sensors for providing feedback signals, this severely limits the possibilities
for such a control system. Therefore, it is important to know the benefits of
installing additional sensors on the crane. With this knowledge, an educated
decision can be made on whether these benefits outweigh the costs of the
sensors.

1.3 Thesis statement

This thesis aims to further investigate the current state-of-the-art control
concepts that have been found promising for operator-in-the-loop control of
tower cranes. Additionally, the benefits of equipping existing tower cranes
with complementary sensors will be investigated.

In line of this, an attempt to answer the following research questions will be
made:

• Can a tower crane control system be developed that enables the operator
to move a payload at a requested speed with a certain minimal swing?

• What are the benefits of using additional sensors in tower crane control?

It is clear that the scope of these questions overlap, since control concepts
that use different sensor configurations will also have different effects on the
payload swing.

1.4 Limitations and delimitations

Only a limited number of control concepts is presented in this thesis. Due
to time constraints, it is impractical to study all the different concepts for
tower crane control that exist today during the period of the thesis work.
Therefore, a subjective selection had to be made and a few concepts that
were found to be the most promising were selected.

Due to the practical implications and for reasons of safety it was not possi-
ble to experimentally test the different control concepts on a physical tower
crane. Because models are only an approximation of reality, the effects of the
different controllers when applied on a real crane will therefore undoubtedly

3



1.5 Methodology

be different. However, since simulation models provide a good representa-
tion of the most important dynamics of the crane, it is still useful to make
a performance comparison of the different controllers in a simulation envi-
ronment. The differences observed here will provide a good understanding
of what happens in reality.

1.5 Methodology

In order to find an answer to the research questions stated above, first it
is necessary to perform an academic search for the different tower crane
control concepts that have been studied in the past. The most viable of
these concepts can then be selected for a further evaluation.

The next step is to set up a simulation environment that enables the evalua-
tion and comparison of the chosen control strategies. A complete analytical
model of a tower crane is derived and implemented in this system, together
with the different control strategies. The simulation platform that is used
in this thesis is Matlab/Simulink. This is used widely in both the academic
world and in industry, making it a suitable choice for a tower crane simu-
lation platform. The resulting Simulink model of the tower crane is then
validated against an existing model for the Dymola simulation software,
which has itself been verified against real crane data.

As a performance comparison, a certain crane operator input is given to
the different controllers, and the effects on the crane are observed. Most
important here are the resulting payload swing and the rise time of the
slew speed, as well as the required slew motor torque. Aside from this
theoretical perspective of the different controllers, it is as least as important
to have a more subjective performance evaluation: in order for a control
concept to be successful, the crane operator himself must feel comfortable
using it. An effective way to test this is to set up a real-time simulation
environment where the operator can drive a virtual crane that is controlled
using a selectable control strategy. The operator will then be able to better
understand the effects of the different controllers on the crane behavior. Such
a simulation environment has been built on top of the Simulink models, and
a graphics application has been written showing the virtual crane.
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Chapter 2

Literature review

The following section gives an overview of the research that has been per-
formed in the field of tower crane slew control. The conclusions from this
research provide the basis for the selection of control concepts that will be
further developed in this thesis.

2.1 Overview of existing literature

During the past years, a lot of research has been done on vibration reduction
in tower cranes, and cranes in general. Abdel-Rahman et al. [1] created an
extensive review of the different control strategies that have been developed
in this field and the complications that need to be faced when applying them.
A conclusion from this paper is that it is hard to find a control strategy with
good robustness properties, which also allows for operator flexibility. A lot
of research effort is spent on crane automation strategies, while operator-in-
the-loop control methods are given less focus.

Much of the research on crane vibration reduction is focused on gantry and
overhead cranes, because of some important reasons. First of all, these types
of cranes can move in one or two perpendicular horizontal directions, which
results in some nice properties in the dynamics of the payload. The payload
motion can be described by the equations for a planar pendulum, and for
small pendulum angles, the motions in both directions become decoupled
[1]. For small pendulum angles a linear model can then accurately represent
the crane dynamics, enabling the use of the many existing linear control
strategies. Gantry cranes are also often used to perform a repetitive task,
repeating the same movements over and over. Therefore, optimal trajectory
calculation strategies can be employed for this type of crane.
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2.1 Overview of existing literature

This is usually not the case for tower cranes, where a human crane operator
needs to be present to coordinate the movements. Golafshani and Aplevich
[2] have calculated time-optimal trajectories for tower cranes and proposed
a sub-optimal controller for reducing the payload swing. However, as these
trajectory calculations are computationally intensive, they have to be calcu-
lated before a motion is started and the crane operator can not change the
reference position while the crane is moving.

There are other methods for crane control that are also applicable to tower
cranes and allow operator-in-the-loop control. The simplest of these are
filtering methods such as low-pass and notch filtering [3]. These try to reduce
the payload vibration by filtering out the natural frequencies of the crane
pendulum from the trolley motion. While they can be used to successfully
decrease payload vibrations, a major drawback of these methods is that they
significantly slow down the system response because of the filtering effects.

A popular and promising method is the use of input shaping. While there
exist several types of input shapers for linear systems, Blackburn et al. [4]
developed an input shaping method specifically designed for tower cranes.
Lawrence and Singhose [5] proposed a set of input shapers based on a lin-
earized tower crane model that perform significantly better than the classical
input shapers and result in less vibration. Multi-input shapers, such as the
ones proposed by Vaughan and Singhose [6], can also be used in a tower
crane system when both the slew and trolley motors may be actuated at the
same time.

The main strength of input shaping is that these methods can be designed
with very good robustness to changes in cable length, and that they do not
need any sensors for the payload angles. Another class of vibration reduction
methods assumes the availability of such sensors, and incorporates a certain
feedback control concept. Masoud et al. [7] analyzed the use of delayed
position feedback, which resulted in good control performance. Omar and
Nayfeh [8] used a gain-scheduling feedback method where the controller gain
adapts to changes in cable length and payload mass. The interest in using
neural networks for control is also growing and has been successfully applied
to tower cranes [9]. These feedback methods succeed very well in reducing
payload vibrations. They can also account for external disturbances because
of the feedback loop. The obvious drawback of these methods is that they
require a sensor for the payload angles to be available, which is not the case
for most of the industrial tower cranes that are in use today.
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2.2 Concept selection

In this thesis, a subset of the available control methods will be implemented
and analyzed using a simulated tower crane model. An important require-
ment for the methods is that they should allow for an operator-in-the-loop
control implementation. Since the crane operator typically gives varying
speed references, all the methods should control the slew velocity, as well as
trolley and hoist velocity.

The simplest control method that will be considered is a basic PID slew
velocity controller, with no special method for reducing the payload vibra-
tions. This will serve as a starting point against which the other methods
can be benchmarked. Because of the success and popularity of the input
shaping methods, two input shapers will also be implemented. From the
listed input shapers in the preceding section, the input shapers developed
in [5] resulted in the smallest payload vibrations and will therefore be used.
Next, a notch filter will be designed based on a linearized version of the
crane model. Since the input shaper and notch filter both try to remove
unwanted frequencies from the trolley motion, it should be interesting to
compare their performance. Finally, a new and more advanced method is
developed based on the theory of optimal control. This method allows the
crane to accelerate to the requested slew speed with minimal payload swing,
in the shortest possible amount of time.

A summary of the control methods considered in this thesis is given in the
following table:

PID control
Input shaping
Notch filtering
Optimal control

Table 2.1: Selected slew control concepts.
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Chapter 3

Modeling

In order to accurately simulate the tower crane behavior, a crane model has
been developed that captures the most important dynamics of the tower
crane system. Included in this model are the basic crane motions for rota-
tion (slew), movement along the jib (trolley) and vertical movement of the
payload with a cable (hoist), which are driven by three different actuators.
A friction model is also included, capturing the static and dynamic friction
effects that can occur in these three motions.

In order to simplify the controller design, the resulting equations will then
be simplified by making some extra assumptions and introducing a set of
feedforward signals. These feedforward calculations require good approxi-
mations of all the different crane parameters. Therefore a method is pro-
posed for performing a system identification of the crane, as well as doing
an on-line observation of the crane states.

3.1 Equations of motion

The tower crane as presented in the introductory chapter can be described
by its equations of motion, a set of coupled non-linear differential equations.

These equations can be derived in different ways. A classical approach is to
draw the free body diagrams of the different crane parts and apply Newton’s
second law on them. Alternatively, the theory of Lagrangian dynamics can
be used to obtain the equations of motion through Lagrange’s equations. A
benefit of these methods is that the free body diagrams give a good insight
in how the different forces in the crane system interact. In addition, the
resulting formulas are quite compact and easy to implement in a simulation
software package in a later stage.
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3.1 Equations of motion

The equations of motion for the used crane system will be derived next, by
systematically analyzing the different parts that build up the crane. Differ-
ent coordinate systems can be used to do this and the coordinate definitions
that are used in this thesis are shown in Figure 3.1.

Figure 3.1: Crane model.

The trolley of the crane has two degrees of freedom: one rotational motion
in a horizontal plane and one linear motion along the jib. It is therefore
natural to use a polar coordinate system to describe its position. As shown
in Figure 3.1, the slew angle that describes the jib rotation is defined by ψ,
and the position of the trolley on the jib is called r.
A massless and inextensible cable is attached to the trolley. Its length l
can be changed through the hoist motor. A payload modeled as a point
mass is attached to the lower end of the cable. The resulting cable and
payload system acts as a spherical pendulum system, and its position can be
described by a spherical coordinate system with two perpendicular payload
angles. It is useful to define these angles in a rotating coordinate system
attached to the jib of the crane. The resulting angle between the z-axis and
the cable projection into the plane created by the jib and the z-axis, is called
the in-plane angle and is denoted by α. The angle perpendicular to this is
the out-of-plane angle, denoted by β.
With these definitions, the x-, y- and z-components of the payload position
are given by:xlyl

zl

 =

r cos(ψ)
r sin(ψ)
h0

+

l (sin(α) cos(β) cos(ψ)− sin(β) sin(ψ))
l (sin(α) cos(β) sin(ψ) + sin(β) cos(ψ))

−l cos(α) cos(β)

 (3.1)

where h0 is the constant vertical position of the jib.
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Modeling

3.1.1 Jib and trolley dynamics

Rigid body

A free body diagram of the jib and trolley system is shown in Figure 3.2. The
jib is modeled as a stiff rotating bar with a moment of inertia Ij . The trolley
is modeled as a point mass with mass mt, and its motion is constrained to
move along the jib. The jib is driven by a torque TM from the slew motor,
and the trolley can be moved with a force Ft from the trolley motor.

Ψ

y

x

r
ξ

wind

Ft

Fc

Fc

TM

Figure 3.2: Jib and trolley dynamics.

Because of the swinging motion of the payload, the cable attached to the
trolley will exert a force Fc on the jib, in the direction of the cable. The
amplitude of this force depends on the payload angles α and β and the
payload mass ml. A wind disturbance is modeled as a torque Tw, originating
from a wind force acting on the jib, with an angle ξ equal to the wind
direction.

Using this free body diagram, the equations of motion can be derived by
introducing the Lagrangian function, defined as:

L = T − U (3.2)

Here, T is the total kinetic energy and U is the total potential energy of
the system. The potential energy term for this system is zero, and the
Lagrangian is equal to the combined kinetic energy of the jib and the trolley:

L = T − 0 =
(
Ij
2 ψ̇

2
)

+
(
mtr

2

2 ψ̇2 + mt

2 ṙ2
)

(3.3)

We can then write down the Euler-Lagrange equations, given by:

d

dt

(
∂L

∂q̇i

)
− ∂L

∂qi
= Qi (3.4)

11



3.1 Equations of motion

In this formula, qi are the generalized coordinates, where q0 = ψ and q1 = r.
The term Qi represents the generalized forces, and is equal to the sum of
external forces and torques acting on the system. Inserting the Lagrangian
(3.3) into equation (3.4), the desired equations of motion are obtained.

The first equation, describing the rotational motion, is derived as follows:

d

dt

(
∂L

∂ψ̇

)
− ∂L

∂ψ
= Q0 (3.5)

d

dt

((
Ij +mtr

2
)
· ψ̇
)
− 0 =

∑
Torque on jib

d

dt

(
Ij +mtr

2
)
· ψ̇ +

(
Ij +mtr

2
)
· ψ̈ = TM + rF⊥c + Twind

2mtrṙ · ψ̇ +
(
Ij +mtr

2
)
· ψ̈ = TM + rFc sin(β)

+ Tw (sin(ξ) cos(ψ)− cos(ξ) sin(ψ))

⇒ ψ̈ = 1
Ij +mtr2

(
− 2mtrṙψ̇ + TM + rFc sin(β)

+ Tw (sin(ξ) cos(ψ)− cos(ξ) sin(ψ))
)

(3.6)

Notice that the term −2mtrṙψ̇ describing the Coriolis effect shows up au-
tomatically.

The equation for the linear trolley motion is given by:

d

dt

(
∂L

∂ṙ

)
− ∂L

∂r
= Q1 (3.7)

d

dt
(mtṙ)−mtrψ̇

2 =
∑

Force on trolley along jib

mt · r̈ −mtrψ̇
2 = F ‖c − Ft

mt · r̈ −mtrψ̇
2 = Fc sin(α) cos(β)− Ft

⇒ r̈ = rψ̇2 + Fc
mt

sin(α) cos(β)− Ft
mt

(3.8)

This time the term mtrψ̇
2 appeared, which is the centrifugal force acting on

the trolley due to the rotating jib motion.
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Modeling

Flexible body

The previous equations result in a crane motion with no flexibility effects.
In reality, the crane structure has a limited stiffness, and it is therefore im-
portant to also take this flexibility into account. Crane flexibility is modeled
as two independent spring-damper systems: one in the horizontal plane of
the jib, and one in the vertical plane.
For the horizontal motion, we introduce a second slew angle φ which is
assumed to have a perfectly stiff connection with the slew motor through a
gearbox. The previously defined slew angle ψ is then the angle of the trolley,
with the spring-damper system situated between both. This is illustrated
in Figure 3.3.

φ

y

x

Ψ

Figure 3.3: Horizontal spring-damper system.

If we define a spring constant km, damper constant dm, moment of inertia
of the slew motor Im and gear ratio nm, then we can easily write down the
equation describing the slew angle before the spring-damper system φ:

φ̈ = 1
n2
mIm

(
km (ψ − φ) + dm

(
ψ̇ − φ̇

)
+ nmTm

)
(3.9)

Note that the motor inertia is multiplied with n2
m since this equation is

written on the low-speed side of the gearbox. Likewise, the input motor
torque Tm is multiplied with nm.
The equation for the slew angle after the spring-damper system ψ is now a
bit different: previously an input torque TM was used which came directly
from the motor, but this torque is now replaced with the spring-damper
torque given by −km (ψ − φ)− dm

(
ψ̇ − φ̇

)
:

ψ̈ = 1
Ij +mtr2

(
− 2mtrṙψ̇ − km (ψ − φ)− dm

(
ψ̇ − φ̇

)
+ rFc sin(β)

+ Tw (sin(ξ) cos(ψ)− cos(ξ) sin(ψ))
)

(3.10)
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3.1 Equations of motion

For the vertical flexibility effect, we introduce a new angle χ describing the
vertical deflection of the jib. It is assumed that the moment of inertia of
the jib for vertical rotations is the same as that for horizontal rotations,
namely Ij . The vertical spring and damper coefficients are called kj and dj
respectively. There is only one external force present in this system, which
is the force in the cable. Only the part of the force acting in the z-direction
has an effect on the vertical jib flexibility, as shown in Figure 3.4.

χ

z

r

Fc
z

Figure 3.4: Vertical spring-damper system.

Using Newton’s law, we easily get the equation for the vertical jib deflection
angle χ:

χ̈ = 1
Ij

(−kjχ− djχ̇− rFc cos(α) cos(β) cos(χ)) (3.11)

The coordinates of the payload are given by equation (3.1), where it was
assumed that the vertical position of the jib is constant and equal to h0.
With the added vertical jib flexibility, the jib position is now dependent on
χ and the payload coordinates become:xlyl

zl

 =

r cos(ψ)
r sin(ψ)
h0

+

l (sin(α) cos(β) cos(ψ)− sin(β) sin(ψ))
l (sin(α) cos(β) sin(ψ) + sin(β) cos(ψ))

r sin(χ)− l cos(α) cos(β)

 (3.12)

Because the horizontal displacement due to this flexibility is small compared
to the trolley position r, it is assumed that the horizontal jib coordinates
are not affected by the vertical flexibility.
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3.1.2 Pendulum dynamics

The dynamics of a spherical pendulum are a bit more complex than those of
the jib and trolley, but can easily be obtained using a symbolic math software
package such as Maple. This time, we start by writing down Newton’s
law for the payload mass in the three Cartesian coordinates x, y and z.
There are two external forces acting on the payload: the cable force Fc and
gravity. Decomposing the cable force into its x-, y- and z-components gives
the following equations:

ml

ẍlÿl
z̈l

 =

−Fc (sin(α) cos(β) cos(ψ)− sin(β) sin(ψ))
−Fc (sin(α) cos(β) sin(ψ) + sin(β) cos(ψ))

Fc cos(α) cos(β)−mlg

 (3.13)

Inserting the relations (3.12) into equations (3.13), we get a system of equa-
tions that can be solved for the variables α̈, β̈ and l̈. Using Maple to do
this, the resulting pendulum dynamics are found:

α̈ = 1
l cos(β)

(
2lα̇β̇ sin(β)− 2l̇α̇ cos(β) +

(
lψ̈ + 2l̇ψ̇

)
cos(α) sin(β)

+
(
lψ̇2 sin(α) + 2lβ̇ψ̇

)
cos(α) cos(β)−

(
r̈ − rψ̇2

)
cos(α)− g sin(α)

−
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
sin(α)

)
(3.14)

β̈ = 1
l

(
− 2l̇β̇ +

(
lψ̇2 cos(α) sin(β)− 2lα̇ψ̇ cos(β)

)
cos(α) cos(β)

− lα̇2 sin(β) cos(β)−
(
lψ̈ + 2l̇ψ̇

)
sin(α)−

(
2ṙψ̇ + rψ̈

)
cos(β)

+
(
r̈ − rψ̇2

)
sin(α) sin(β)− g cos(α) sin(β)

−
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
cos(α) sin(β)

)
(3.15)

l̈ = lα̇2 cos(β)2 − 2lα̇ψ̇ cos(α) sin(β) cos(β) + 2lβ̇ψ̇ sin(α)
+ l

(
β̇2 + ψ̇2

)
− lψ̇2 cos(α)2 cos(β)2 + g cos(α) cos(β)

+
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
cos(α) cos(β)

−
(
r̈ − rψ̇2

)
sin(α) cos(β)−

(
2ṙψ̇ + rψ̈

)
sin(β)− Fc

ml
(3.16)
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3.1 Equations of motion

3.1.3 Complete crane system

The complete system of equations describing the crane dynamics are given
below:

r̈ = rψ̇2 + Fc
mt

sin(α) cos(β)− Ft
mt

(3.17)

φ̈ = 1
n2
mIm

(
km (ψ − φ) + dm

(
ψ̇ − φ̇

)
+ nmTm

)
(3.18)

ψ̈ = 1
Ij +mtr2

(
− 2mtrṙψ̇ − km (ψ − φ)− dm

(
ψ̇ − φ̇

)
+ rFc sin(β)

+ Tw (sin(ξ) cos(ψ)− cos(ξ) sin(ψ))
)

(3.19)

χ̈ = 1
Ij

(−kjχ− djχ̇− rFc cos(α) cos(β) cos(χ)) (3.20)

α̈ = 1
l cos(β)

(
2lα̇β̇ sin(β)− 2l̇α̇ cos(β) +

(
lψ̈ + 2l̇ψ̇

)
cos(α) sin(β)

+
(
lψ̇2 sin(α) + 2lβ̇ψ̇

)
cos(α) cos(β)−

(
r̈ − rψ̇2

)
cos(α)− g sin(α)

−
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
sin(α)

)
(3.21)

β̈ = 1
l

(
− 2l̇β̇ +

(
lψ̇2 cos(α) sin(β)− 2lα̇ψ̇ cos(β)

)
cos(α) cos(β)

− lα̇2 sin(β) cos(β)−
(
lψ̈ + 2l̇ψ̇

)
sin(α)−

(
2ṙψ̇ + rψ̈

)
cos(β)

+
(
r̈ − rψ̇2

)
sin(α) sin(β)− g cos(α) sin(β)

−
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
cos(α) sin(β)

)
(3.22)

l̈ = lα̇2 cos(β)2 − 2lα̇ψ̇ cos(α) sin(β) cos(β) + 2lβ̇ψ̇ sin(α)
+ l

(
β̇2 + ψ̇2

)
− lψ̇2 cos(α)2 cos(β)2 + g cos(α) cos(β)

+
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
cos(α) cos(β)

−
(
r̈ − rψ̇2

)
sin(α) cos(β)−

(
2ṙψ̇ + rψ̈

)
sin(β)− Fc

ml
(3.23)

Note that this is a system of coupled non-linear equations and can not be
solved analytically. It can however be solved numerically by a software
package such as e.g. Matlab/Simulink, which is used in this thesis.

A summary of the used symbols in these equations and their meaning is
given in Appendix A.
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3.2 Friction model

Friction is modeled as a combination of static friction, Coulomb friction and
viscous friction. In order to start moving, a certain static friction force Fs
has to be overcome. After this, a constant Coulomb friction force Fc is
required to keep on moving. A viscous friction force which is proportional
to the linear velocity (here with coefficient d) is then added to this constant
force. The complete friction model looks as in Figure 3.5:

d

F

Friction
force

Velocity

s
Fc

Figure 3.5: Friction model.

The same model can be used for rotational movements when the forces are
replaced by torques and the linear velocity is replaced by angular velocity.

Each motor in the crane is then assigned three friction parameters: Fsc, Fcc
and dfc for the hoist motor, Fst, Fct and dft for the trolley motor and Tsm,
Tcm and dfm for the slew motor. The reason for using forces for the hoist
and trolley motors and torques for the slew motor is that it makes them
easier to relate to the crane coordinates that they are driving: the linear
coordinates l and r, and the angular coordinate ψ respectively.
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3.3 Feedforward calculations

3.3 Feedforward calculations

In order to make the analysis and control of the tower crane easier, the model
can be simplified with the use of feedforward forces and torques. The idea
proposed here is to split the inputs to the system (trolley force Ft, hoist
force Fc and slew torque Tm) into two parts. One of these parts is then
automatically calculated to cancel the dynamic effects of the other parts of
the crane, while the other part becomes the new input to the model.
As an example, the idea is shown for the hoist motion. The equation de-
scribing the cable length is given by:

l̈ = lα̇2 cos(β)2 − 2lα̇ψ̇ cos(α) sin(β) cos(β) + 2lβ̇ψ̇ sin(α)
+ l

(
β̇2 + ψ̇2

)
− lψ̇2 cos(α)2 cos(β)2 + g cos(α) cos(β)

+
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
cos(α) cos(β)

−
(
r̈ − rψ̇2

)
sin(α) cos(β)−

(
2ṙψ̇ + rψ̈

)
sin(β)− Fc

ml
(3.24)

The input force Fc is now split into two parts, a feedforward input force Fc,0
and a user input force Fc,i:

Fc = Fc,0 + Fc,i (3.25)

The feedforward part Fc,0 is set equal to the terms in the equation repre-
senting the dynamic effects of the jib and pendulum system on the cable
length:

Fc,0 = ml

(
lα̇2 cos(β)2 − 2lα̇ψ̇ cos(α) sin(β) cos(β) + 2lβ̇ψ̇ sin(α)

+ l
(
β̇2 + ψ̇2

)
− lψ̇2 cos(α)2 cos(β)2 + g cos(α) cos(β)

+
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
cos(α) cos(β)

−
(
r̈ − rψ̇2

)
sin(α) cos(β)−

(
2ṙψ̇ + rψ̈

)
sin(β)

)
(3.26)

By inserting equation (3.26) into (3.24) using the relation (3.25), the equa-
tion describing the cable length becomes very simple:

l̈ = lα̇2 cos(β)2 − 2lα̇ψ̇ cos(α) sin(β) cos(β) + 2lβ̇ψ̇ sin(α)
+ l

(
β̇2 + ψ̇2

)
− lψ̇2 cos(α)2 cos(β)2 + g cos(α) cos(β)

+
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
cos(α) cos(β)

−
(
r̈ − rψ̇2

)
sin(α) cos(β)−

(
2ṙψ̇ + rψ̈

)
sin(β)− Fc,0 + Fc,i

ml

= −Fc,i
ml

(3.27)
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The same idea can be applied on the trolley position r and slew angle ψ
by splitting the force on the trolley Ft and the slew motor torque Tm into
Ft = Ft,0 + Ft,i and Tm = Tm,0 + Tm,i respectively. However, for the slew
motion the additional simplification has to be made that the input torque is
not affected by the spring-damper system but acts directly on the jib. The
complete crane model is then described by a much simpler set of equations,
given below.

r̈ = −Ft,i
mt

(3.28)

φ̈ = ψ̈ (3.29)

ψ̈ = nmTm,i
Ij +mtr2 (3.30)

χ̈ = 1
Ij

(−kjχ− djχ̇− rFc cos(α) cos(β) cos(χ)) (3.31)

α̈ = 1
l cos(β)

(
2lα̇β̇ sin(β)− 2l̇α̇ cos(β) +

(
lψ̈ + 2l̇ψ̇

)
cos(α) sin(β)

+
(
lψ̇2 sin(α) + 2lβ̇ψ̇

)
cos(α) cos(β)−

(
r̈ − rψ̇2

)
cos(α)− g sin(α)

−
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
sin(α)

)
(3.32)

β̈ = 1
l

(
− 2l̇β̇ +

(
lψ̇2 cos(α) sin(β)− 2lα̇ψ̇ cos(β)

)
cos(α) cos(β)

− lα̇2 sin(β) cos(β)−
(
lψ̈ + 2l̇ψ̇

)
sin(α)−

(
2ṙψ̇ + rψ̈

)
cos(β)

+
(
r̈ − rψ̇2

)
sin(α) sin(β)− g cos(α) sin(β)

−
((
r̈ − rχ̇2

)
sin(χ) + (rχ̈+ 2ṙχ̇) cos(χ)

)
cos(α) sin(β)

)
(3.33)

l̈ = −Fc,i
ml

(3.34)

Due to the dynamic coupling between the different crane parts, the actual
functions describing the feedforward signals Fc,0, Ft,0 and Tm,0 are coupled
as well. This means that a set of equations needs to be solved in order
to get the formulas for these signals. The exact analytical formulas can
easily be obtained using a symbolic math software package such as Maple.
The resulting equations are quite complex, but can be copied directly into
e.g. Matlab/Simulink.

The Simulink block calculating these feedforward signals can then easily be
extended to include a non-linear friction compensation as well.
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3.4 Simulink implementation

3.4 Simulink implementation

The equations of motion (3.17) - (3.23) and the friction model can directly be
implemented into Simulink using standard Simulink blocks such as Products,
Gains, Integrators, etc. The inputs to the model are the three motor torques
and forces and the wind disturbance. The output can be chosen depending
on the situation. An example model that has been used for analysis of the
crane behavior is shown below:
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Figure 3.6: Simulink crane model.

The ‘Feedforward signals’ block in this model calculates the required feed-
forward signals which are then added to the input torques and forces. The
other blocks implement the equations of motion of the crane system. The
outputs of this model are the trolley and payload coordinates.

Typical values for the crane parameters have been chosen based on real crane
data, and they have been kept the same for all the simulations. The used
values are given in Appendix A. In the simulations it is assumed that all the
crane model parameters and friction values are known by the feedforward
calculations. In reality, these values are not known exactly, which means
that the simulations will give the theoretically optimal results.
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A note on the used naming convention: the names of the speed signals in
the Simulink model are formed by adding a ‘d’ in front of the signal name
(standing for derivative). All accelerations have a ‘d2’ instead (for 2 nd

derivative). Example: the trolley position is named r, trolley speed is dr,
and trolley acceleration is d2r.

3.5 Model parameters and state estimation

A benefit of using feedforward signals to simplify the model equations, is that
it enables a much simpler controller design. As an example, the simplified
equation describing the slew acceleration is given by eq. (3.30). For a pure
slew motion, where the trolley position r and cable length l are kept con-
stant, the slew acceleration is proportional to the slew motor torque input.
This means that a simple proportional feedback controller (P-controller) is
sufficient to control the slew velocity. Without the use of feedforward sig-
nals, the slew equation given by eq. (3.19) is much more complex, and it is
obvious that a more complex controller than a P-controller is necessary in
this case.

The downside of using feedforward signals is that they need to be accurately
calculated for this to work. This means that all the crane model parameters
and states need to be known at all times. A reliable method is therefore
required for estimating the model parameters.

The most important parameters of the crane model are the moment of in-
ertia of the jib Ij , the mass of the trolley mt and the payload mass ml. The
exact values for these parameters vary for each individual crane and can be
obtained by weighting and/or calculating them from e.g. 3D CAD models.
Obviously, these calculations would then have to be redone for each individ-
ual crane. More importantly, as the payload mass will change constantly,
the control algorithms need a way to set the correct value of the payload
mass on the fly.

A more flexible strategy for obtaining the model parameters is to use a
parameter estimation algorithm, which uses the available sensor data to
calculate estimations for the parameter values. A well-known method for
doing this is based on the widely used Kalman filter. Given a model of the
system in state-space form, the Kalman filter can be used to estimate some
(or all) of the system parameters. Another very common approach is to use
a recursive least squares algorithm where no state-space formulation of the
system is necessary.

In this section it is shown through simulations that it is possible to use
a Kalman filter for estimating the crane model parameters if the crane is

21



3.5 Model parameters and state estimation

equipped with motor encoders for the hoist, trolley and slew motors. A
strategy is then given to obtain all the parameters from three different crane
motions. It must be noted that this approach has not been tested exper-
imentally, and the results here are obtained through simulations only. In
practice, disturbances such as sensor noise and varying friction could signif-
icantly affect the algorithm, making it unstable in the worst case. If this
happens, another more robust method for parameter estimation needs to be
considered.

Not only the model parameters need to be known, but also the values of the
crane states (trolley and payload coordinates). Again, a Kalman filter can
be used to provide updated estimates of the states over time. Simulations
show that a very good state estimation can be achieved if motor encoders
for the hoist, trolley and slew motors are available. The wind force on the
crane can be estimated without the need for a wind sensor as well, although
the presence of such a sensor does increase the robustness of the filter and
the accuracy of the estimates.

The major benefit of this state estimation is that the values of the pendulum
angles can be obtained, even if no angular sensors are available. This is
especially important for the optimal control method that will be developed
in the next chapter, as its performance is heavily dependent on accurate
pendulum angle data.

3.5.1 Kalman filter equations

This section will shortly describe the used Kalman filter algorithm. The
purpose of the filter is to estimate the states of a model using available sensor
measurements. We can easily extend the Kalman filter to estimate model
parameters as well by using an augmented state vector: the parameters that
need to be estimated are included as extra states and the Kalman filter will
simultaneously estimate the system states and the added parameter states.
For this to work, we need to use a version of the Kalman filter that can deal
with non-linear state-space equations. This filter is known as the extended
Kalman filter and will also be described here.

A more detailed explanation of simultaneous state and parameter estimation
can be found in [13] where the same method is applied for estimating the
parameters of an induction motor.
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Basic Kalman filter

Consider a discrete time dynamic system given in the following linear state-
space form:

xn+1 = Fxn +Bun

yn+1 = Hxn +Dun (3.35)

The equations for the basic Kalman filter can be written down in different
forms. A compact representation of the Kalman equations, useful for an
efficient computer program implementation, is as follows:

State prediction:
xmn+1 = Fxhn +Bun (3.36)

Update covariance matrix and calculate Kalman gain:
P = FPF T +GR1G

T (3.37)

L = PHT

HPHT +R2
(3.38)

P = P − LHP (3.39)

Update state:
xhn+1 = xmn+1 + L

(
yn −

(
Hxmn+1 +Dun

))
(3.40)

Here, the matrices P and L are the state covariance matrix and the Kalman
gain, xm is the predicted state estimate and xh is the updated state estimate
where a measurement of the output is used for updating the state. R1 and
R2 are noise covariance matrices for the process noise and measurement
noise respectively.

The Kalman algorithm needs to be given the necessary starting values for P
and xh, and it requires estimates for the noise and measurement covariance
matrices R1 and R2. The values for R1 and R2 are the design parameters
of the filter. The starting value for P needs to be chosen carefully as well
as it has a lot of impact on the convergence behavior of the algorithm.
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3.5 Model parameters and state estimation

Extended Kalman filter

When a non-linear system is used, it can be represented in a non-linear
state-space form, where f and h are non-linear functions of the state and
input:

xn+1 = f(xn, un)
yn+1 = h(xn, un) (3.41)

The extended (non-linear) Kalman filter is very similar to the linear Kalman
filter and uses the same Kalman equations. The difference with the linear
Kalman filter is that it linearizes the system around the predicted state and
then updates the system matrix F and output matrix H accordingly.

The extended Kalman filter equations then become:

State prediction:
xmn+1 = f(xhn, un) (3.42)

System update:

F = ∂f

∂x

∣∣∣∣
xm

n+1,un

, H = ∂h

∂x

∣∣∣∣
xm

n+1,un

(3.43)

Update covariance matrix and calculate Kalman gain:
P = FPF T +GR1G

T (3.44)

L = PHT

HPHT +R2
(3.45)

P = P − LHP (3.46)

Update state:
xhn+1 = xmn+1 + L

(
yn − h(xmn+1, un)

)
(3.47)

This algorithm can be used for estimating the states of a non-linear system.
When some parameters are included in the state vector as extra states, it will
provide a simultaneous estimation of the states and the desired parameters.
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3.5.2 Parameter estimation

The crane model as presented in this thesis contains 17 different parameters,
listed below:

mt Trolley mass
ml Load mass
Ij Jib moment of inertia
Im Slew motor moment of inertia

km, dm Spring-damper constants for horizontal jib motion
kj , dj Spring-damper constants for vertical jib motion

Fsc, Fcc, dfc Hoist motor friction coefficients
Fst, Fct, dft Trolley motor friction coefficients

Tsm, Tcm, dfm Slew motor friction coefficients

Table 3.1: Crane model parameters.

The next paragraphs present a strategy that can be used for obtaining esti-
mates of all these parameters.

1. Motor identification: Im

One of the parameters used in the crane model is the slew motor moment
of inertia Im. This is a typical motor parameter and is usually given by the
motor manufacturer. Alternatively, an on-line motor identification process
can be performed where the motor is decoupled from the crane and the
motor parameters are obtained through a system identification procedure.
The exact procedure depends on the type of motor used and will not be
described here. It is assumed that the motor moment of inertia can be
obtained in a similar manner and is communicated to the control algorithm.

2. Pure trolley motion: mt, dft

The trolley mass mt and viscous friction coefficient dft can be estimated
with a parameter estimation procedure applied on a pure trolley motion
with no payload. A known force is applied on the trolley and the resulting
trolley motion is measured from the trolley motor encoder. A simple model
representing this trolley system can then be used together with a Kalman
filter for estimating the two unknown parameters, where noisy measurements
of the trolley motor input force and trolley position are used as the inputs
to the filter. A block diagram of this system is shown in Figure 3.7.
The results of a simulation for estimating the parameters are shown in Figure
3.8. A sampling frequency for the Kalman filter of Ts = 20 ms was used.
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Figure 3.7: Pure trolley model.

Figure 3.8: Pure trolley parameter estimation simulation results.

It can be seen here that the parameter estimates converge to their correct
values. As the values of the trolley mass and friction coefficient typically
are constant, this estimation procedure does not need to be done frequently
and can even be done just once.

3. Pure slew motion: Ij, km, dm, dfm (kj, dj)

In a manner that is similar to the pure trolley motion parameter estimation,
a pure slew motion with no payload can be used with a simple slew model for
estimating some other crane parameters. More specifically, the jib moment
of inertia, spring-damper coefficients and slew viscous friction coefficient
can be estimated. It should be noted however that only the spring-damper
coefficients for a horizontal motion can be obtained. The coefficients for the
vertical motion are much harder to get and can not be derived from a slew
motion only. Simulations show that the vertical spring-damper system has
very little effect on the rest of the crane dynamics and these coefficients are
therefore not that important. Since the vertical structure of the jib is in
general not so different from the horizontal, a possibility is therefore to set
the vertical coefficients equal to the horizontal ones, kj = km and dj = dm.
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A system model for a pure slew motion looks like the figure below:
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Figure 3.9: Pure slew model.

The simulation results show that the Kalman filter is capable of correctly
estimating the parameter values, given some noisy slew motor torque and
angle signals. As the system is a bit more complex, the sampling time has
to be reduced somewhat to make the parameter estimates converge. Here,
1 ms was used.

Figure 3.10: Pure slew parameter estimation simulation results.
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4. Pure hoist motion: ml, dfc

The payload mass ml and hoist viscous friction coefficient dfc can be esti-
mated with a pure hoist motion. As shown in the figure below, the simplified
model representing this motion is very similar to the model used for a pure
trolley motion. The only difference is the addition of a gravity force acting
on the load.
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Figure 3.11: Pure hoist model.

Again, with a sampling time of 20 ms, the Kalman filter is able to estimate
the desired parameters from measurements of the input force and cable
length:

Figure 3.12: Pure slew parameter estimation simulation results.

The estimation of the payload mass has to be redone whenever a new payload
is attached to the crane cable. Fortunately, in many practical situations, the
crane operator will perform a pure hoist movement for bringing the payload
in the air before any slew or trolley motion is started. As the payload mass
can be estimated quite quickly, there should be enough time to get a good
estimate for ml before this slew or trolley operation.
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5. Static and Coulomb friction

The last parameters that are used in the crane model are the static and
Coulomb friction parameters. A simple method for estimating the static
friction torque is to slowly increase the motor torque until the motor starts
to move. The torque that is given when this happens is then equal to the
static friction torque. The Coulomb friction torque can similarly be found
by slowing down the motor until the motor stops. The last known torque
value at which the motor was still moving is then equal to the Coulomb
friction torque.

Summary

A summary for the crane parameter estimation strategy is given below:

Motor identification Im
Static and Coulomb friction Fsc, Fcc, Fst, Fct, Tsm, Tcm

Pure trolley motion mt, dft
Pure slew motion Ij , km, dm, dfm (kj , dj)
Pure hoist motion ml, dfc

Table 3.2: Crane parameter estimation strategy.

3.5.3 Full state estimation

The extended Kalman filter can be used for estimating the full state of the
crane from the motor encoders only. These state estimates can then be used
for calculating the crane model feedforward signals and for providing the
necessary signals to the different control methods.

However, a very important comment should be made here: the reason why
the Kalman filter can provide a good estimate of the states is because the
payload swing exerts a significant force on the crane jib, which can be noticed
through the slew motor encoder. However, this is only the case if the payload
is relatively heavy: if the torque required for moving the payload is small
compared to the torque required for moving the jib, the Kalman filter is not
able to observe the pendulum swing through the slew motor and it will fail
to provide accurate angle estimates. This has been confirmed by running
different simulations using different payload masses: a decrease in payload
mass resulted in an increase in the estimation error of the pendulum angles.
This is a serious drawback as it means that the Kalman observer can only
be used when moving payloads that are heavy compared to the jib of the
crane.
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3.5 Model parameters and state estimation

The next plots show the results of a simulation for a slew motion where
a Kalman filter is used to estimate all the crane states from noisy mea-
surements of the slew motor input torque, encoder output and wind sensor
signals. The crane model parameters, trolley position and cable length are
assumed to be known exactly and vertical jib flexibility is neglected by the
algorithm. The most important estimated states are the pendulum angles,
which are compared with their actual values (plotted as a thick line).

Figure 3.13: Kalman filter state estimation – Ts = 40 ms.

The estimation accuracy is increased by using a smaller sampling time Ts
for the filter. In the previous case, a sampling time of 40 ms was used. With
a sampling time of 4 ms the estimates become more accurate, but they also
get a bit noisier, as can be seen in Figure 3.14.

Figure 3.14: Kalman filter state estimation – Ts = 4 ms.
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Note that the actual pendulum angles differ from those in the previous sim-
ulation. The reason for this is that the feedforward signals are calculated
from the state estimates, which are different in this case, and thus the in-
put to the crane will also be a bit different. A smaller sampling time will
make the crane approach the perfect behavior (where all states are known
perfectly) more and more.

A different simulation has been done where no wind sensors are available
and the wind force and direction are estimated directly by the Kalman filter.
A constant wind force (given as a torque acting on the jib) with constant
angle is used. Again, the sampling time must be small enough to provide
accurate results. The simulation results for this setup are given in Figure
3.15.

Figure 3.15: State estimation without wind sensor – Ts = 20 ms.

These plots show that the Kalman filter is indeed able to simultaneously
estimate the crane states and wind parameters with considerable accuracy.
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Chapter 4

Control concepts

In this chapter the selected concepts for tower crane slew control are further
developed. The simulation results of the different control strategies when
used with the crane model of Chapter 3 are presented and analyzed. Spe-
cial attention is given to the implementation details of the optimal control
method, as this is a new method that has not been attempted before.

4.1 PID control

The simplest method for controlling the tower crane slew velocity is by
placing a crane model with slew velocity output in a feedback loop, as shown
in Figure 4.1. A simple PID controller (proportional, integral and derivative
feedback controller) can then make the velocity follow a velocity reference
signal provided by the user. Note that, thanks to the implementation of
the feedforward signals derived previously, the transfer function from slew
motor torque to slew velocity approximates that of a basic integrator, which
means that we can use a simple P-controller instead. The gain of the P-
controller controls how quickly the crane will respond to changes in the
reference velocity. When used in practice however, it is a good idea to use
a PI-controller, where the I term will partly compensate for errors in the
estimated model parameters.

dpsiReference

slew velocity

simin

PID Controller

PID(s)

Crane

Tm dpsi

Figure 4.1: Slew velocity control model.
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4.2 Input shaping

The downside of this control method is that steps in the reference velocity
give rise to very large pendulum swings, and there is no mechanism in place
for reducing these oscillations.
The results from a simulation with this controller and a step input are shown
in Figure 4.2. The swing is defined here as the distance of the pendulum from
its resting position, expressed in meters. Notice the very large swing that
is present when the crane has stopped moving. Both the in-plane payload
angle α and the out-of-plane angle β are oscillating, due to the elliptical
motion of the payload. Since the mass of the payload in this simulation is
3500 kg (see also Appendix A), the required motor torque to keep the jib in
place is also relatively high.

Figure 4.2: PID control simulation results.

The methods for slew control that will be discussed next all try to reduce
the residual oscillations as much as possible, and at the same time maintain
good tracking of the reference velocity.

4.2 Input shaping

A simple but powerful method for slew control that is becoming increasingly
popular is called input shaping. The idea behind input shaping is that an
oscillating system, such as a pendulum, is moving at a very specific frequency
which depends on only a few system parameters. The system is then excited
with a set of impulses with very specific timing, chosen in a smart way such
that the system responses on the different impulses cancel out each other
and the total system response becomes zero.
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There is still a lot of on-going research on input shaping and many papers
explaining different input shaping techniques can be found. A good expla-
nation of the basic input shaping techniques can be found in [4].

Input shaping techniques tend to work well on two-dimensional problems,
such as a planar pendulum. These shapers can also be directly applied
on the problem of vibration reduction of a rotating pendulum such as in
tower cranes. However, due to the non-linear nature of this system a certain
degradation in performance can be noticed. [5] describes two input shaping
techniques that were specifically developed for tower cranes, based on a
linearized crane model. The performance of these shapers is superior to
that of the basic input shapers when used for tower crane slew control.

These two shapers are discussed in more detail in the following paragraphs.

4.2.1 ZV2 shaper

The first shaper that has been developed is a Zero Vibration shaper with
three steps. When a step input in reference slew velocity is given, the
shaper will transform it to a three-step signal with a profile that looks like
the following:
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Figure 4.3: ZV2 shaper profile.

In [5] it is concluded that the pendulum of a crane rotating at constant
velocity has two natural frequencies (instead of one for a planar pendulum).
The time instants for the steps in the shaped velocity profile and their re-
spective amplitudes are then chosen such that the resulting vibration (after
the last step) in one of these modes is zero. The vibration amplitude in
the second mode will not be zero but is minimized through a minimization
procedure. A numerical optimization scheme is presented in the paper to
calculate these optimal times and amplitudes.

A Matlab program has been written that implements this optimization and
efficiently calculates the required step times and amplitudes for different
reference velocities and cable lengths.
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4.2 Input shaping

4.2.2 UMZV2 shaper

The second shaper developed in [5] is a Unity Magnitude Zero Vibration
shaper. The velocity profile of a shaped step input consists of a series of
steps between zero and reference velocity, as shown in Figure 4.4.

Velocity

Time

Reference
velocity

Shaped input
Step input

Figure 4.4: UMZV2 shaper profile.

Similarly to the ZV2 shaper, the final vibration resulting from these velocity
steps is made zero in one mode of oscillation and is minimized in the other
by calculating the required step time instants.

Another Matlab program has been written to calculate these time instants
for different reference velocities and cable lengths.

4.2.3 Velocity control

In order to control the slew velocity using these input shapers, again a
feedback loop with a simple P-controller can be used, as in Figure 4.1.
The input from the user is then first sent through a filter that transforms
the velocity input with one of the input shapers and sends this signal as a
reference to the feedback loop.

The gain of the P-controller will now decide how well the slew velocity follows
the shaped velocity profile. Large gains will result in a crane slew velocity
that follows the profile very well, while lower gains will act as a low-pass
filter and create a velocity profile with rounded corners.

Figure 4.5 presents the results of a simulation where a step input in reference
velocity is transformed with a ZV2 input shaper. The shaped input is then
used as the reference signal for a P-controller with high gain. Because of the
high controller gain, high peaks in motor torque are present, as short periods
of high acceleration are needed in order to follow the steps in velocity. As
a result, the crane slew speed follows the shaped reference speed very well
and the residual payload oscillations are greatly reduced. Compare this with
the results of Figure 4.2 where no input shaping is applied and the residual
payload swing is much larger.
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Figure 4.5: ZV2 input shaping simulation results - high controller gain.

Figure 4.6: ZV2 input shaping simulation results - low controller gain.
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4.2 Input shaping

Figure 4.7: UMZV2 input shaping simulation results - high controller gain.

Figure 4.8: UMZV2 input shaping simulation results - low controller gain.
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When a low controller gain is used, as in Figure 4.6, due to the low-pass
filtering effect it takes a bit longer before the final slew velocity is reached,
but the residual swing is a bit smaller. Also note that the high motor torque
peaks that were present in Figure 4.5 have almost completely disappeared.

The same conclusions can be made for the simulation results when using an
UMZV2 shaper, shown in Figure 4.7 for a high controller gain and in Figure
4.8 for a low gain. There are however some important differences between
both input shapers. First of all, the residual swing when using the UMZV2
shaper is much smaller than the residual swing with the ZV2 shaper. On
the other hand, it can be observed in Figure 4.7 that with a high gain,
the payload swing when starting and stopping the slew motion can become
quite large. During the motion itself however, there are almost no payload
oscillations: the in-plane payload angle α remains constant (which is non-
zero due to the centripetal acceleration of the payload) and the out-of-plane
angle β is almost zero. This is in contrast with the results of the ZV2 shaper,
where the payload is also swinging during the motion.

4.3 Notch filtering

As discussed in the section about input shaping, it is found in [5] that
a crane rotating at constant velocity has two natural frequencies. This
has been verified by linearizing the crane model equations (3.17) - (3.23)
from Chapter 3 which gives the same result: the transfer functions from
slew motor torque to pendulum angles contain poles on the imaginary axis
(representing oscillations) at those same frequencies. These frequencies are
given by ω1,2 = ω0 ± ψ̇ where ω0 is the natural frequency of a pendulum
with length l (ω0 =

√
g/l) and ψ̇ is the slew velocity.

The fact that the crane system has two known natural frequencies brings
up the idea of filtering the reference input at these two frequencies in order
to eliminate vibration of the pendulum. Such a filter can be made as a
product of two band-stop filters with narrow stopband (called notch filters)
centered around those two frequencies. The Bode magnitude plot of this
filter, calculated for l = 30 m and ψ̇ = 0.7 rpm, is shown in Figure 4.9. Two
downward peaks are visible at the natural frequencies, showing the low gain
of the filter at those specific frequencies. Observe also that the filter gain in
a small region around these frequencies is still considerably low (here in the
order of -40 dB) which means that the filter has a good robustness against
errors in the calculated natural frequencies ω1 and ω2.

This filter is then used to filter the slew torque input to the crane. However,
the addition of a filter means that the transfer function from motor torque
to slew velocity is not a simple integrator anymore, but a product of an
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4.3 Notch filtering

Figure 4.9: Bode magnitude plot of the notch filter.

integrator with the transfer function of the filter. A simple P-controller is
therefore not sufficient and a more complex controller is required.

One option is to use output feedback control where the controller is designed
using pole placement. If the poles of the closed loop system are chosen fast
enough, a fast response in slew velocity can be achieved. The notch filter
will make sure that the vibration of the pendulum is then minimized.

For the design of this controller, the approach of Chapter 9 in [10] was
followed. The transfer function of the process to be controlled is given by:

B(s)
A(s) =

(
s2 + ω2

1
) (
s2 + ω2

2
)(

s2 + 2ζω1s+ ω2
1
) (
s2 + 2ζω2s+ ω2

2
) · nm

(Ij +mtr2) s (4.1)

The right-hand side of this equation is the product of the filter transfer
function with the simplified transfer function of the crane slew motor torque
to slew velocity, as given by equation (3.30). The bandwidths of the filter
stopbands are controlled by the damping coefficient ζ. A value of ζ = 1 was
chosen, resulting in the smallest possible bandwidth.

A feedback controller is then proposed of the form:

S(s)
R(s) = s4s

4 + s3s
3 + s2s

2 + s1s+ s0
s4 + r3s3 + r2s2 + r1s+ r0

(4.2)

Following the methodology described in [10], the unknown variables si and
rj (i = 0, . . . , 4, j = 0, . . . , 3) as well as an associated feedforward controller
part with transfer function T (s)/R(s) can be calculated that result in a
closed loop system of the same order as the open loop system (4.1), and
allow us to freely place all five closed loop poles.
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The block diagram of such a controller in Simulink is shown in Figure 4.10.
The filter is placed inside the feedback loop, in front of the crane, making
sure that the crane input does not receive the unwanted frequencies. The
other two blocks contain the transfer functions that constitute the controller.

dpsiT/R

T(s)

R(s)

S/R

S(s)

R(s)

Reference

slew velocity

simin

Filter

filtern(s)

filterd(s)

Crane

Tm dpsi

Figure 4.10: Model for slew velocity control with notch filtering.

From this model, it can be seen that the filter method can be combined
with the input shaping method from the previous section: instead of giving
the velocity input directly to the controller, it can be shaped with an input
shaper first. This will reduce the residual vibration even more, but it will
also make the crane response much slower.
The results of a simulation with this controller and a step input are shown
in Figure 4.11. The closed-loop poles were placed at a frequency equal to
the natural frequency of the payload pendulum. Four of the poles are given
a damping ratio of 0.7 and the other pole is real.

Figure 4.11: Notch filtering simulation results.

The filter results in a large decrease in the residual payload swing, and
the swing amplitude is comparable to that obtained with the input shaping
methods. Notice the high peaks in motor torque at the time instants where
the reference velocity is changed, due to the high accelerations.
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4.4 Optimal control

4.4 Optimal control

The control methods that have been described so far all make use of the fact
that the pendulum of a linearized crane model has two natural frequencies.
They then try not to excite these frequencies by filtering them from the ref-
erence velocity input, either by shaping the velocity profile (input shaping),
or by using a direct filter (notch filtering). A feedback velocity controller
then makes sure that the reference velocity is followed. These methods seem
to work well and do a good job in minimizing the residual vibration of the
payload.

However, the problem that we’re dealing with in tower crane slew control
can be solved in other ways as well. To see that, we can try to reformulate
the problem that needs to be solved in its most basic form: what we want
to do is to make the crane jib rotate at a chosen velocity and have minimal
vibration of the payload when the jib is standing still, and preferably also
when the jib is rotating.

We can now turn to the theory of optimal control to solve this problem.
Using optimal control theory, we can calculate the slew motor acceleration as
a function of time that will make the slew velocity reach the given reference
velocity as fast as possible, and make sure that the pendulum vibration is
zero in the end.

The method for getting this motor acceleration as a function of time will
be explained in more detail in the next sections. Due to the complexity of
the problem, the optimal control solution for controlling a planar pendulum
will be derived first. After that, a method is presented for using this simple
solution to control the more complex system of a rotating crane with a
pendulum.

A profound explanation of the used optimal control theory can be found in
[11]. Many of the explanations here are based on the theory explained in
Chapter 4 of this book, and most of the time the same notation is used.
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4.4.1 Optimal control theory

Planar pendulum

Consider a planar pendulum with mass m and length l, suspended on a base
that can move horizontally. The angle of the pendulum is defined as θ and
the position of the base is given by x.

Figure 4.12: Planar pendulum.

The equation of motion describing this pendulum system can easily be de-
rived and is given by the following equation:

lθ̈ = −g sin(θ)− ẍ cos(θ) (4.3)

We can rewrite this equation by defining some extra parameters: define ẍmax
as the maximum allowed acceleration of the base, ω =

√
g/l the natural

frequency of the pendulum and k = ẍmax/l a constant. The equation of
motion can then be written as:

θ̈ = −ω2 sin(θ)− ẍ cos(θ) k/ẍmax (4.4)

We will now write this equation in its (non-linear) state space form. To do
this, we first define the states of the system xi (i = 1, . . . , 3) and the input
u:

x1 = θ

x2 = θ̇

x3 = ẋ

u = ẍ/ẍmax (4.5)

The system is then given in state space form by:

ẋ1 = x2

ẋ2 = −ω2 sin(x1)− k cos(x1)u
ẋ3 = k l u (4.6)
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Problem statement and general theory

Given an initial state x0 of the pendulum system, we would like to steer the
system state to the origin, where xi = 0 ∀i. We also impose the constraint
that the acceleration of the base must be bounded, with the maximum
acceleration given by ẍmax. This means that |u(t)| ≤ 1 ∀t.

There are an infinite number of solutions to this problem since there is no
constraint given on time. The best solution will therefore be the one that can
steer the system to the origin in minimal time. In the field of optimal control
theory such a problem is known as a free time, fixed endpoint problem.

In such a problem, we are given a state space formulation of a dynamic
system dx/dt = f(x, u) with initial state x0 (where the state x and input u
can be vectors). We then want to find the control input u that maximizes a
certain payoff functional P (u), given by

P (u) =
∫ τ

0
r(x(t), u(t)) · dt+ g(x(τ)) (4.7)

where τ ≤ ∞ is the unknown terminal time (the time when the desired final
state is reached) and r and g are called the running payoff and terminal
payoff respectively and are given by the problem. If we let r(t) = −1 ∀t and
g = 0, then the payoff becomes

P (u) = −τ (4.8)

This means that maximizing P will minimize the terminal time.

In order to maximize P , we can define a so-called control theory Hamiltonian
(or simply Hamiltonian) H:

H = f(x, u) · p+ r(x, u) = f(x, u) · p− 1 (4.9)

Here, p is a vector with the same dimensions as the state vector x and is
called the costate. The costate is introduced here as a tool to help solve the
maximization problem. It acts in a way similar to how Lagrange multipliers
are used for maximizing an equation with constraints. In Lagrange the-
ory, instead of maximizing a certain function f(x) with constraining equa-
tion c(x), we maximize a more complex function (called the Lagrangian)
L(x, λ) = f(x) + λ.c(x) instead, where λ is called a Lagrange multiplier. It
turns out that it is much easier to maximize this unconstrained equation L
instead of maximizing f while satisfying the constraint c.
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Similarly, instead of maximizing the payoff P while satisfying the constraint
that the state vector x follows its state space equation f(x, u), we introduce
an extra variable p and maximize the more complex Hamiltonian H instead.

In order to find the control input u that maximizes the Hamiltonian H, we
can turn to a useful theorem called Pontryagin’s maximum principle. This
theorem states that the costate p that maximizes H is described by the
following adjoint dynamics equation

ṗ = −∇xH(x, p, u) (4.10)

with terminal condition

p(τ) = ∇g(x(τ)) 6= 0 (4.11)

Problem solution

We can now apply this theory to our pendulum problem. Given the pen-
dulum dynamics (4.6) from the first paragraph, we define a costate vector
p = (p1, p2, p3)T and write down the Hamiltonian:

H =

 x2
−ω2 sin(x1)− k cos(x1)u

k l u


T

·

p1
p2
p3

− 1

= x2 p1 +
(
−ω2 sin(x1)− k cos(x1)u

)
p2 + k l u p3 − 1 (4.12)

The dynamics of the costate are given by Pontryagin’s maximum principle:

ṗ1 = −∂H
∂x1

= ω2 cos(x1) p2 − k sin(x1)u p2

ṗ2 = −∂H
∂x2

= −p1

ṗ3 = −∂H
∂x3

= 0 (4.13)

Now we can maximize the Hamiltonian, which will give use a direct equation
for the control input u:

max
|u|≤1

{H} = max
|u|≤1

{
x2 p1 +

(
−ω2 sin(x1)− k cos(x1)u

)
p2 + k l u p3 − 1

}
= x2 p1 − ω2 sin(x1) p2 − 1 + k ·max

|u|≤1
{(− cos(x1) p2 + l p3)u}

(4.14)
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The control input that maximizes the Hamiltonian, and thus minimizes
the time to reach the final pendulum state from an initial state x0 while
satisfying the constraint that the acceleration is bounded is then given by:

u(t) = sign(− cos(x1) p2 + l p3) (4.15)

This is an interesting result, as it shows that the optimal control for our
problem is so-called bang-bang control: we give the base either the maximum
allowed acceleration or the maximum allowed deceleration, but never a value
in between (unless the reference velocity is reached and the pendulum is at
rest, in which case we give zero).

Note that although we now have a mathematical equation for the optimal
control input, this equation is a function of the pendulum state and costate.
This means that we need to know the values of the state and costate at
every time instant in order to know the value of the control input at that
time. We know the dynamics and initial state of the pendulum so we can
calculate the pendulum state at a certain time instant by performing an
integration. Thanks to the maximum principle we also know the dynamics
of the costate. However, we can not integrate this system to get the costates
as a function of time, since we are missing the initial costate values. If we
can somehow find the correct initial costates, then the problem is solved and
we can calculate the control input signal by performing a parallel simulation
of the pendulum dynamics and the costate dynamics and using the value for
u as the input to the pendulum.

However, finding the initial costate values is not a trivial task. For the prob-
lem at hand there exists no analytical expression relating the initial costate
to the initial state, and the correct initial costates have to be found through
numerical simulation. One way of finding them is to loop over random initial
costates and numerically simulate the pendulum and costate dynamics until
those values are found that make the pendulum reach the desired final state.
There are unfortunately many problems with this approach. One problem
is that the time needed to reach the final state is not known. Another one is
that there are an infinite number of different possible initial costate values,
and it will take a very long time until the correct values are found. Even if
these values can be found in a reasonable amount of time, the whole process
would have to be repeated for a pendulum that starts in a different initial
state, making this approach not useful in practice.

Another way to find the initial costate values is by simulating the system
starting in the final state and integrating in reverse time. At first sight
this does not seem to be so different from the previous approach as we now
have to find the values of the final costate which are also unknown. However,
there is one main advantage to this method: by picking a random set of final
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costate values and simulating the system in reverse time, we automatically
get the solution of the pendulum problem for many initial pendulum states.
This is clarified in Figure 4.13 which shows the results from a simulation in
reverse time with arbitrarily chosen final costate values (used here as the
starting values).

Figure 4.13: Simulated pendulum states and costates in reverse time.

We can look at the pendulum state at a specific point in time, e.g. the state
vector x1 = x(T1 = 5 s) and write down the values of the costates at this
time instant: p1 = p(T1). If we would start a simulation in forward time
with the pendulum starting in the state x1 and use the values p1 as the
initial costate values, we would make the pendulum state go to the origin.
We also know that the time required to do this will be 5 seconds. This
means that we have found the solution for our problem when the pendulum
starts in the state x1. The only thing that we need to do is save the costate
p1 and the time T1.
We can now repeat this process and save the states and costates at differ-
ent time instants to automatically obtain many solutions to the pendulum
problem. However, there are still many more solutions that can be found by
using different costate values at the start of the simulation. Looping over
these values results in a large set of states, costates and times and contains
the solution to the pendulum problem for any initial pendulum state.
Obviously, this is still a very calculation-intensive approach, but it has the
advantage that the solution of our problem is known for any initial pendulum
state. Once the calculations are done, it is just a matter of looking up the
correct costate and time that matches a certain initial pendulum state. An
interpolation procedure can be used to find the costate and time values for
initial pendulum states that have not been saved.
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4.4 Optimal control

The required amount of calculations can be reduced by using a result of the
maximum principle, stating that the final costate pf can not be zero. In [12],
the time-optimal control problem for a pendulum with fixed base is solved
(resulting in two costate values instead of three), and this fact is used to
normalize the costate and parameterize the two costate values on the unit
circle. Based on this approach, we can normalize the costate so that the
costate values lie on the unit sphere:

p2
1f + p2

2f + p2
3f = 1 (4.16)

We then parameterize the costate in the following way:

p1f = cos(α) · cos(β)
p1f = sin(α) · cos(β)
p3f = sin(β) (4.17)

Instead of looping over different combinations of p1f , p2f and p3f we can try
different combinations of α and β instead with 0 ≤ α < 2π and 0 ≤ β < 2π.

4.4.2 Optimal controller design

The method explained in the previous section results in a large matrix stor-
ing the initial costate and time values as a function of initial pendulum state
values. All these calculations have been done for a planar pendulum with
movable base. In principle it is possible to use the same approach to find
the solution to a more complex system such as a pendulum on a rotating
base. However, this would mean that we have to introduce two more states
(one angle and one angular velocity) and as a result there would also be two
more costates. This tremendously increases the needed computational effort
and makes the problem much harder to solve in practice.

We can however use the solutions for a planar pendulum system for con-
trolling a crane as well if we make the necessary assumptions. The first
assumption is that we view the crane pendulum as a combination of two
perpendicular and independent planar pendulum systems with two inde-
pendent angles: the in-plane angle α and the out-of-plane angle β (defined
in a rotating coordinate system). This idea is illustrated in Figure 4.14.
The next assumption is that we assume that the rotating trolley is moving
linearly in the plane of the β angle with a speed given by v = r.ψ̇ (and is
thus also dependent on the trolley position). Finally, the flexibility of the
crane is neglected.
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Figure 4.14: Crane pendulum seen as two perpendicular planar pendulums.

Under these assumptions, we can control both angles with two separate
controllers, where one controller steers the trolley motor for controlling α
and the other controller steers the slew motor for controlling β.

The implementation of the optimal controller for controlling the out-of-plane
angle β is discussed next.

Slew optimal controller

The idea behind the optimal controller is as follows: when the controller
is started, the state of the pendulum is measured. For the β pendulum
system this state is composed of the β angle and its angular velocity and
the linear velocity v = r.ψ̇ (with ψ̇ the slew velocity and r the trolley
position). The requested speed is then subtracted from the current speed
(for reasons explained later in this section) and this speed difference is used
together with the current angle and angular velocity as the initial state for
a pendulum simulation. This pendulum simulation is run in parallel with a
simulation of the costate dynamics with initial costates that are looked up
in the stored matrix of costates, matching the initial pendulum state. This
simulation runs in real-time until the simulated pendulum has reached zero
angle, angular velocity and linear velocity. The control input that is used in
this simulation is sent to the output of the optimal controller and used as
the input for the physical crane.

Due to the simplifications that were made earlier, the angle and angular
velocity of the physical crane will probably not be zero when the simulated
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4.4 Optimal control

angle and angular velocity are. Therefore, this process can be repeated
after the simulation is finished: the actual state of the crane pendulum is
measured again and the pendulum simulation is reset with these new values.
New costate values are looked up and the simulation is restarted. This way
the final vibration of the pendulum can be made smaller and smaller until
a satisfying value is reached.

However, instead of waiting every time until the simulation is completely fin-
ished, the simulation can be reset at regular time intervals instead. At these
time instants the crane state is measured and the simulation is restarted
with these values. This will allow the optimal controller to ’track’ the phys-
ical pendulum system and will reduce the pendulum vibration much faster.
A flowchart of the optimal control principle is shown below.

Matching costates (p  , p  , p  ) and stop time (T )
from matrix with optimal control data

Run 2D pendulum simulation

Actuate slew motor

3
0

21
0 0

Crane

Crane states (β, β, φ)
from sensors/observer

Reference velocity (φ   )
from operator

ref

. .

0

.

Repeat every T  secondss

Figure 4.15: Optimal controller principle.

Note that the pendulum simulation will always make the velocity of the base
go to zero. However, consider the case where the physical crane starts at
rest, with zero initial velocity, but we start the simulation with a non-zero
negative velocity −v0. The base velocity of the simulated pendulum will
then go to zero, while the base velocity of the crane pendulum will actually
increase from zero to v0 instead. This trick is possible since the pendulum
dynamics are independent of the base velocity but only dependent on base
accelerations. If we now use the difference (v − vref) as the initial velocity
for the pendulum simulation in the optimal controller, we can continuously
make the real crane go to the desired reference velocity.

A Simulink implementation of the controller is shown in Figure 4.16. Two
blocks are at the heart of this controller: the GetCostates() block calls a
function that returns the initial costates matching the current pendulum
state by looking it up in the large pre-calculated solution matrix. The Con-
trol law block contains a simulation of a planar pendulum and costates that
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Figure 4.16: Optimal controller model.

can be reset with the current pendulum state and costate values provided by
the GetCostates() block. The calling of the GetCostates() block and subse-
quent resetting of the simulated pendulum is handled by a pulse generator,
sending pulses at constant time intervals.

A third block, the enable rule, checks whether the current pendulum state
is within the range of our calculated data. For large pendulum angles and
velocities the matching costates have not been saved and the enable rule
block will prevent resetting of the simulation in such cases. Similarly, for
very small angles and velocities, resetting of the simulation is prevented
because the data can be too inaccurate in those regions. A final task of the
enable rule block is to stop updating the simulation when the final velocity
is reached and the residual pendulum vibration is small enough. When this
happens, the controller can stop simulating and give zero output. A simple
block compares the time that this point should be reached with the current
time and outputs zero if it has passed. As a result, the Control law block is
disabled, stopping the simulation, and the output of the controller is made
zero.

From this explanation, it is clear that the performance of the optimal con-
troller depends on the quality of the data: if high quality data is used, the
controller can be activated for eliminating very small vibrations at very low
speeds (given that the payload angle measurements are accurate enough).
If the data is not accurate in these regions, the controller will not succeed
in decreasing the pendulum swing, and it will continuously make the crane
move, even when a zero reference velocity is given.

Trolley optimal controller

The optimal controller for the in-plane angle α works in the same way as
that for the out-of-plane angle β. For a pure slew motion its reference base
velocity is always zero.

51



4.4 Optimal control

There are two basic options for choosing when to activate this controller:
one option is to disable the controller until the reference slew velocity is
set to zero. This will result in zero pendulum vibration when the crane is
standing still, but it will not remove in-plane oscillations when the crane is
rotating.

Another option is to have the controller activated at all times. In this case,
a modification to the controller is necessary: due to centrifugal effects, the
in-plane angle α will approach a constant non-zero angle when the crane is
rotating at constant velocity. The task of the optimal controller however is
to make the pendulum angle go to zero, which is not desired in this case.
Instead we want the controller to make the angle go to the constant angle it
would have at the current slew velocity. To do this we can use a trick similar
to the one that has been used for making the optimal controller go to non-
zero base velocities: instead of giving the current pendulum angle α as input
to the optimal controller, the constant angle it should have at the current
slew velocity is calculated and subtracted from the current pendulum angle.
This will not work perfectly since the pendulum dynamics are dependent
on the actual angle value, but simulations show that the controller still
performs very well: the α angle quickly reaches a constant value and the in-
plane pendulum vibration during crane rotation can be completely removed.

Complete controller

An implementation of the complete optimal controller in Simulink looks like
this:

Reference

trolley velocity

simin

Reference

slew velocity

simin

Optimal control

(trolley)

vref

x0

u

Optimal control

(slew)

vref

x0

u

Crane

u

beta
dbeta

dpsi

 Crane 

u

alpha
dalpha

dr

Figure 4.17: Optimal control model.

There are two feedback loops where the optimal control block in each loop
gets the pendulum states of the pendulum system it is controlling as an
input. The outputs of the optimal control blocks are then sent to the inputs
of the slew and trolley motors.
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Figure 4.18: Optimal control simulation results.

Figure 4.19: Optimal control simulation results - continuous trolley control.

53



4.4 Optimal control

Interesting to note is that the outputs of these blocks are actually accel-
erations instead of torques. Fortunately, as described in Chapter 3, the
input torques and forces to the used Simulink model are proportional to
the accelerations, so the only thing that is needed to convert the acceler-
ations to torques is to multiply them with the moment of inertia of the
jib for the out-of-plane pendulum system and with the trolley mass for the
in-plane pendulum system. The feedforward signals calculated internally in
the crane model will make sure that these accelerations are nicely followed.

The optimal controller output is a bang-bang control signal, with either
maximum acceleration or maximum deceleration (or no acceleration at all).
The value of the maximum acceleration/deceleration is a controller param-
eter and changes the performance of the controller. Higher values make the
crane reach the reference velocity faster, but they also require more torque,
while lower values result in slower response times and smaller torque values.

The sampling time of the controllers decides how strongly the crane states
are tracked. For a large tower crane with slow dynamics a fairly large sam-
pling time is sufficient to give adequate performance. In the performed
simulations a sampling time of Ts = 0.1 s has been used.

Simulation results for the optimal controller are shown in Figures 4.18 and
4.19. Figure 4.18 shows the results of a step input where the trolley controller
is only activated when a zero reference velocity is given (in this case starting
at t = 30 s). The difference with Figure 4.19 is quite significant. Here, the
trolley controller is always activated, and as a result the payload oscillations
during the slew motion are completely removed. In both cases, the residual
payload oscillations have been strongly suppressed and are almost zero.
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Chapter 5

Results

In this chapter the main results of the thesis work are presented. A per-
formance comparison enables an analysis of the differences between the de-
veloped control methods. In addition, an overview is given of the real-time
crane simulator that has been built.

5.1 Performance comparison

In order to evaluate the different slew control methods, a performance com-
parison has been carried out. As a performance criterion the residual vibra-
tion of the payload (payload swing) has been chosen, measuring the ampli-
tude of the largest payload oscillation around its center point, expressed in
meters. A second criterion is the crane cycle time, where shorter cycle times
are preferred. This is measured through the rise time of the slew velocity,
defined as the time required to accelerate from zero velocity to 95% of the
reference velocity.

A reference slew velocity signal is then given to make the crane accelerate
from zero to maximum velocity (0.7 rpm), move at a constant speed for 10
seconds, and then decelerate and stop. This process has been repeated for
the different control methods and for different slew velocity rise times. The
residual vibration is then plotted as a function of the rise time for all these
methods. Typical values for the different crane parameters have been used
(see Appendix A) and these were kept the same for all simulations.

5.1.1 Residual payload swing

Figure 5.1 shows the results of this comparison. It is immediately obvious
that a simple PID velocity controller with no anti-swing control results in
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Figure 5.1: Residual payload swing as a function of rise time.

Figure 5.2: Residual payload swing - zoom.
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very large pendulum swings. All the other slew control methods are able to
reduce these pendulum swings to about 10% of these values or less. Figure
5.2 provides a closer view in this region. By looking at these plots, several
conclusions can be made.

First of all, there is a noticeable increase in residual swing when rise times
become shorter for all methods. This means that there is a trade-off be-
tween cycle time and residual payload swing. Interestingly, this effect is
very limited when using the UMZV2 input shaper, where the residual swing
is almost constant for all the different rise times.

Looking at the notch filtering results, it seems that this method results in
more vibration than the input shaping methods for rise times smaller than
17s (for this particular crane configuration). For larger rise times however it
seems to perform better than the ZV2 input shaper. Comparing both input
shaping methods, we can see that the performance of the UMZV2 input
shaper is at all times better than that of the ZV2 input shaper.

The optimal control method then seems to beat all the other methods in
every aspect. It can make the crane reach its maximum velocity really
quickly and still gives resulting vibration levels that are comparable to or
lower than those of the other methods.

All these control methods have a lower limit on the rise time. For the input
shaping methods, this limit is given by the time instant at which the last
step in slew velocity occurs. It is not possible to reach the requested velocity
in a shorter amount of time than this. The minimal rise time that can be
used with the notch filtering method results from the controller becoming
unstable at that point. Consequently, when using a combined input shaping
and notch filtering method, the minimum rise time becomes very large,
which makes these methods less interesting to use, despite their very low
swing levels. The optimal control method can be used with very low rise
times, and its usable region depends on the calculated data. In this case,
the data has been calculated for a rise time of ca. 9 seconds. As visible in
the plot, this data can also be used for faster rise times, but the residual
payload becomes slightly larger due to the data being less accurate in those
cases. Recalculating the data for these smaller rise times will result in even
smaller residual payload vibrations.

5.1.2 Required motor torque

In practice however, the lower limit on the rise time for most of these meth-
ods is imposed by the maximum torque that can be delivered by the slew
motor. A consequence of using small rise times is that they require high
torque levels from the motor, since they need high levels of acceleration. It
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Figure 5.3: Maximum torque as a function of rise time.

is therefore interesting to see what the required torque looks like for the
different methods and for different rise times. These maximum torque levels
are shown in Figure 5.3. Some more interesting conclusions can now be
made.

The notch filtering method requires smaller torque values than the input
shaping methods for larger rise times. On the other hand, when small rise
times are desired, the torque requirements quickly increase. The input shap-
ing methods show a similar behavior, where high torque levels are needed for
the smallest rise times. Also, while the UMZV2 shaper results in less vibra-
tion than the ZV2 shaper, the required torque is slightly higher, increasing
to extremely high values near the minimal rise time.

Again, the optimal control method is showing very good results. The torque
levels are a bit larger than those of the other methods, but more importantly
they do not increase to unrealistic proportions near the smallest rise times.

5.2 Real-time crane simulator

The control methods presented in this thesis can have the undesired effect
of confusing the crane operator when he is driving the crane. Since these
methods in some way transform the given operator input, the crane behavior
could in some cases feel unnatural to the driver, or in the worst case become
unpredictable. Therefore, as an addition to the theoretical performance
comparison that was carried out in the previous section, a real-time crane
simulation setup has been built, which allows a human operator to drive
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a virtual crane that is controlled with a selectable control method. This
allows the operator to better understand the different effects of the swing
reduction principles, and compare the different control algorithms.

5.2.1 System setup

The basic setup of the simulator is shown in Figure 5.4. The crane oper-
ator can steer the crane using two joysticks, allowing him to set reference
velocities for the slew, trolley and hoist motions. The joystick states are
then read periodically by a Simulink model that is running in real-time.
This Simulink model includes a model of the crane and any desired control
method. The resulting simulated jib, trolley and payload coordinates are
then periodically sent to an external graphics application, which shows a
graphical representation of the crane and updates it when receiving the new
crane coordinates.

Crane model + Controller Crane graphicsJoysticks Screen

Computer

Matlab/Simulink External application 

Figure 5.4: Basic overview of the crane simulator.

A picture showing a test person driving the crane simulator is shown below:

Figure 5.5: Crane simulator setup.
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5.2.2 Test results

While it is hard to give numerical results for testing the crane simulator,
some important observations can be made.

First of all, there seems to be no significant difference between the different
control methods when the controllers are configured to have a large rise time.
Due to a large low-pass effect dominating the crane dynamics, there are no
visible effects of the different controllers. This is different when smaller
rise times are used. In this case, the notch filtering method seems to show
the least disturbing effects: only when the reference velocity is changed will
there be a visible controller effect on the slew velocity, but this effect quickly
disappears.

The input shaping methods show very different behavior: both input shapers
result in steps in the slew velocity that are very noticeable when small rise
times are used (which means that the controller has a large gain and the
calculated velocity profile is nicely followed, see also the section about input
shaping in Chapter 4). Another effect of the input shapers is that it feels like
they tend to ’ignore’ fast changes in the reference velocity. This is visible
for example when the direction of the crane rotation is abruptly reversed:
instead of slowing down and starting to move in the reverse direction, the
crane will continue to move in the original direction for a while, which can
take quite some time when a long cable length is used and the payload
pendulum has a large oscillation period. When a large step input from zero
to maximum velocity is given, the UMZV2 shaper has the other side effect
that it will quickly reach the maximum velocity, but immediately falls back
to zero multiple times. The same effect happens when the crane is abruptly
stopped while moving at maximum velocity. All these effects are hard to
predict by the crane operator and can be very confusing.

This is also the case for the optimal control method. For very short rise
times, the crane will quickly accelerate to the requested velocity, suddenly
decelerate for a while, and accelerate again. Even for small changes in
reference velocity this effect is visible. However, when larger rise times are
used this period of deceleration is less noticeable.
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Chapter 6

Discussion and conclusion

A discussion on the results is given in the following sections. After the dif-
ferent control aspects have been evaluated, a final conclusion is formulated.

6.1 Discussion

The results of Chapter 5 give a good idea of what can be achieved with the
different control methods in terms of performance and usability. However,
these are not the only aspects that have to be considered when compar-
ing the different methods. Another important aspect is the fact that not
all methods have the same sensor requirements. They also use different
numbers of actuators, have different robustness characteristics and vary in
implementation complexity. It is only when taking all these aspects into
account that a good evaluation of the control concepts can be made. Each
of these aspects is shortly discussed in the following sections.

6.1.1 Controller performance

The results presented in the previous chapter reveal that the control methods
in this thesis differ greatly in performance. It seems that the input shaping
method is very successful in reducing payload oscillations, where the UMZV2
input shaper results in significantly less swing than the ZV2 shaper. Both
input shaping methods perform better than the notch filtering method for
small rise times, but not for larger rise times. However, one of the main
purposes of using a swing-reduction control method is to decrease the cycle
time of the crane operations. It is therefore beneficial to use a rise time that
is as small as possible, favoring the input shaping methods. This is also the
reason why a combined input shaping and notch filtering method becomes
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less interesting to use: while they result in very low residual payload swings,
they can only be used for very large rise times.

The optimal control method is very different in nature from the input shap-
ing and notch filtering methods. As a consequence, it also has very different
performance characteristics. It results in residual swing values that are com-
parable to or lower than those of the other methods and it allows driving the
crane with very small rise times, while still using acceptable motor torque
levels. Considering performance, it seems that the optimal control method
outperforms all the other control concepts.

6.1.2 Usability

When it comes to usability, the ranking of the different control methods
becomes very different. For large rise times, only a small difference in crane
behavior is observed between the different methods. Since the crane acceler-
ates so slowly, the controller effects are more or less obscured by a predomi-
nant low-pass effect. For shorter rise times things are very different, and the
notch filtering method seems to show the least disturbing effects. Both input
shaping methods considerably alter the crane behavior near their smallest
rise times, which is also the case for the optimal control method. Interest-
ingly, what are considered to be large rise times for the optimal controller,
are still small compared to the rise times of the input shaping methods. Ul-
timately, it is the same trade-off that exists between cycle time and residual
payload swing that has to be made here: if small cycle times, and thus small
rise times, are desired, some decrease in usability might result.

6.1.3 Sensor requirements

From a more practical implementation point of view, it is also important
to have a look at the sensor requirements for the different control methods.
Except for the optimal control method, basically all the controllers in this
thesis have the same sensor requirements. A consequence of all methods
using the feedforward signals that were introduced in section 3.3 is that
all the crane states need to be available at all times. In the optimal case,
the crane is equipped with sensors for the three motor positions (slew, trol-
ley and hoist), wind strength and angle sensors, and sensors for the two
pendulum angles. These sensor signals can then directly be used by the
feedforward calculations. However, it is rarely the case that the crane has
all these sensors, which means that some signals have to be estimated in
another way.
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For the feedforward calculations, it has been shown in section 3.5.3 that it
is theoretically possible to estimate all the crane states with an extended
Kalman filter from the slew motor encoder only, if the crane is carrying a
heavy payload. If the payload is too light, the Kalman filter will fail to
provide reliable state estimates. Luckily however, the reason for this failure
is that the force on the jib due to the payload swing is too small to be noticed
in the motor encoder. This also means that the torque resulting from the
feedforward calculations for compensating this swing force would be really
small in this case. Consequently, the error introduced in the feedforward
signals when wrong payload angle estimates are used, is very small, and
it will not significantly harm the controller performance. This is not true
for the optimal control method: since this method heavily relies on the
availability of payload angle measurements, a sensor for the payload angles
is required here.

In section 3.5.3 it was assumed that the trolley position and cable length
are known. This can be done even without a sensor through a good calibra-
tion method. Obviously, the availability of a trolley and hoist sensor will
most likely increase the accuracy of these values, and thereby increase the
performance of the controllers.

As a summary, Table 6.1 gives an overview of the different sensor require-
ments. The ‘Required’ column gives the signals that need to be measured
accurately in order for the controller to work. The ‘Improved by’ column
shows the signals that will improve the controller performance when they
can be measured by a reliable sensor. It is hard to put numbers on the
improvements that can be made here, since this will depend a lot on the
sensor specifications such as e.g. resolution and accuracy.

Control method Required Improved by

Optimal control slew position trolley position
payload angles hoist position

wind strength and angle

Other slew position payload angles
trolley position
hoist position
wind strength and angle

Table 6.1: Sensor requirements.
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6.1.4 Robustness

Different control methods have different robustness characteristics. For a
control method to be applied successfully, it has to be able to withstand
some errors in the model parameters and states.

The most critical parameters for the notch filtering and input shaping meth-
ods is the cable length: the oscillation period of the payload pendulum de-
pends on this length, and the notch filtering and input shaping methods use
that information to filter out the natural frequency of the payload from the
reference signal. In [5] it is shown that the input shapers have good robust-
ness characteristics with regard to changes in cable length. Simulations have
also shown that the notch filtering method can handle moderate changes in
cable length very well. These methods also do not rely on exact knowledge
of the trolley position, and can therefore be considered as the more robust
methods.

The optimal control method is more complex, and depends on the cable
length as well as the trolley position. In addition, it needs good values
of the payload angles, slew speed and trolley speed. However, even if the
estimates for these states and parameters are a bit off, it will still be able
to correct for these errors since all the crane states (angles and speeds) are
measured at constant time intervals in a feedback loop. Thanks to this
feedback mechanism, the optimal controller can in fact handle modeling
errors and other external disturbances quite well.

6.1.5 Implementation complexity

One drawback of the optimal control method is that it is much more complex
to implement. In addition to using two actuators instead of one (slew and
trolley motors vs. slew motor only), the optimal controller implementation
requires a lot more effort compared to the quite simple and straightforward
feedback controllers in the notch filtering and input shaping methods. Also,
the off-line calculation of the optimal controller data is a rather complex
and time-consuming task by itself. Luckily, this only has to be done once.
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6.2 Conclusion

The different control concepts presented in this thesis are very different
regarding performance, usability and implementation characteristics. It is
therefore also hard to suggest one control concept as the absolute winner. In
the end, it is mainly the trade-off between cycle time on one side, and resid-
ual payload swing and usability on the other side that decides the superiority
of a certain concept.
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Chapter 7

Future work

There is a lot of ongoing research on swing-free slew control of tower cranes,
and vibration reduction in general. The work presented in this thesis an-
alyzes some of the most promising modern control concepts and compares
their main characteristics based on simulation results.

A logical next step would be to implement these control concepts in the
drive train of a physical tower crane and compare the differences in crane
behavior between the physical crane and the simulated model.

The control concepts presented here represent only a subset of what is pos-
sible in slew control for tower cranes. Other modern control concepts such
as e.g. LQR control (Linear Quadratic Regulator) or H∞ control could be
implemented and their results compared with those of the given methods.

It is also possible to build variations on the presented methods, and try
to improve them in a certain way. An interesting field of research today
is situated in input shaping, and frequently an input shaping method is
proposed that outperforms the already existing shapers. Currently, the ZV2
and UMZV2 input shapers perform the best when used for slew control.
There is however still room for improvement. For example, these shapers
are based on a linearized crane model, and it could be interesting to try
developing an input shaper based on a more detailed crane model as well.

The field of optimal control is also very active, and the newly presented
optimal control method is a very good candidate for further research. Its
usage is not only limited to tower crane control, but can also be extended to
other oscillating pendulum-like systems, such as gantry and overhead cranes.
With the increasing use of automation in the industry, such research can be
very interesting.
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Appendix A

Crane parameters

Parameter Symbol Value Unit

Trolley position r 40 m
Cable length l 30 m

Trolley mass mt 50 kg
Payload mass ml 3500 kg
Jib moment of inertia Ij 1.88 · 106 kg·m2

Slew motor moment of inertia Im 0.08 kg·m2

Slew motor gear ratio nm 1000 -
Jib horizontal spring coefficient km 1.65 · 107 N·m
Jib horizontal damper coefficient dm 1.60 · 106 N·m·s
Jib vertical spring coefficient kj 1.65 · 107 N·m
Jib vertical damper coefficient dj 1.60 · 107 N·m·s

Hoist motor static friction force Fsc 0 N
Hoist motor Coulomb friction force Fcc 0 N
Hoist motor viscous friction coefficient dfc 0 N·m−1·s

Trolley motor static friction force Fst 0 N
Trolley motor Coulomb friction force Fct 0 N
Trolley motor viscous friction coefficient dft 0 N·m−1·s

Slew motor static friction torque Tsm 5000 N·m
Slew motor Coulomb friction torque Tcm 5000 N·m
Slew motor viscous friction coefficient dfm 1.57 · 105 N·m·s

Table A.1: Crane parameters used in simulations.
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