
International Journal of Innovative Technology and Exploring Engineering (IJITEE) 

ISSN: 2278-3075 (Online), Volume-14 Issue-10, September 2025 

 

 16 

Published By: 

Blue Eyes Intelligence Engineering 

and Sciences Publication (BEIESP) 

© Copyright: All rights reserved. 

Retrieval Number: 100.1/ijitee.J1141140100925 

DOI: 10.35940/ijitee.J1141.14090825 

Journal Website: www.ijitee.org 

Abstract: This paper presents a method for generating a velocity 

profile for an industrial tower crane controlled in a closed-loop 

anti-sway system. We obtain, as a final result of the theory 

developed here, the Kalman Observer for the Tower Crane System 

considered. In this paper, we introduce an iterative procedure for 

the Kalman-Bucy observer, creating a new method for controlling 

a Tower Crane in a closed-loop system. We introduce the use of a 

Kalman filter to reduce the errors introduced by both the model 

approximation for Anti-Sway control and, on the other hand, 

measurement errors due to the sensors used in the closed-loop 

control. Therefore, this application is characterized by the union 

of two fundamental factors: the control of load swing during jib 

rotation and the use of the Kalman filter algorithm to correct the 

errors obtained in closed-loop control. In this work, we describe in 

detail the Lagrange equations for defining the swaying effect on 

the jib's rotational motion and thus arrive at the iterative equations 

for calculating the jib's motion itself. We analyse the 

characteristics of the Kalman Filter in general, which, as a 

consequence, leads to defining the Matrix Equation of the Kalman 

Filter for the Jib Crane. We simulate the time evolution of the 

motion equations and define the input red from the input sensors 

randomly. We represent three Velocity Profiles: the theoretical 

Velocity reference profile of the Slewing, the profile of the Slewing 

considering both the measurement noise and the noise due to the 

modelling error of the phenomenon, and, finally, the profile of the 

Slewing output, obtained by filtering the signals through the 

Kalman filter. It is observed that, as the variances of the random 

phenomena considered decrease, an increasingly smooth trend of 

the profiles themselves is observed. 

Keywords: Kalman Filter, Tower Crane, Anti-Sway, Closed-

loop Control.  

Abbreviations:  

DOF: Degree Of Freedom 
FEM: Finite Element Analysis 
IMU: Inertial Measurements Unit 

I. INTRODUCTION

In this work, we study the controlled movement of a

Slewing crane, specifically an Industrial Tower Crane, 

characterised by being equipped with sensors to measure the 

position/speed of rotation and the movement of the trolley.  
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This system is characterised as a closed-loop control system. 

Tower Cranes are used to move construction materials and, 

typically, are manually controlled by expert operators. 

However, increasingly, functions are being introduced that 

allow these types of Cranes to carry out movement operations 

automatically ([1]). This type of automatic operation on 

Tower Cranes is, in general, much more complex than those 

that occur for Industrial Overhead or Gantry Cranes. This is 

due to both the fact that Tower Cranes operate outdoors and 

are therefore exposed to variable weather conditions, and the 

fact that their structure is flexible and thus subject to 

deformations. 

In contrast to the Industrial Overhead cranes, which have a 

one-degree-of-freedom sway in the solution equations, 

Slewing cranes, such as Tower cranes or self-erecting cranes, 

undergo rotation of the Jib. Therefore, the equations of 

motion must be coupled.  

A large number of works have been developed regarding 

the controlled motion of slewing tower cranes. Among the 

most recent works, we can mention the study by Alfadhli et 

al. [2], in which they define a smooth command input to 

achieve zero payload oscillations with simultaneous radial 

and slewing motions of the tower crane. In the paper by 

Montonen et al. [3], a combination of Input Shaping and 

Sway control was developed, resulting in slewing control for 

a tower crane. In recent work by Zhang et al. [4], a payload 

sway reduction method for 4-DOF tower cranes was defined 

based on an adaptive integral control approach. Furthermore, 

in the recent work of Li et al. [5], they defined a method for 

Anti-sway Trajectory control of a Double-pendulum Tower 

Crane using an Evolutionary Algorithm. The author of this 

work has also recently developed techniques for the open-

loop control of tower cranes. In the paper [6], he described an 

iterative method for controlling the sway of a payload using 

a command profile system. Instead, in work [7], the method 

considered was applied to a harbour crane. 

The limitation of the works considered above lies in the 

fact that they are primarily based on applications of open-loop 

methods, which, in an open environment and therefore 

conditioned by wind conditions such as those of tower cranes, 

is a significant limitation. Furthermore, these works do not 

consider the vibrations of the elastic structure constituted by 

the tower crane. Such vibrations are taken into account in 

some of the most recent works on tower cranes. First, in the 

paper [8], the authors present dynamic models and simulate 

them to understand the dynamic characteristics and vibration 

features of the tower cranes. In work [9], Ghawzani et al. 

define a method to increase the stiffness using reinforcements 

in the mast modelled using the  

modal parameters. In FEM 

analysis, reinforcements are 

applied in precise positions 
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along the vertical axes of the tower crane. Paper [10] presents 

a modal method for slewing control considering a distributed-

mass model. The crane jib is defined as an Euler-Bernoulli 

beam. The author of this work has also published several 

papers related to the influence of vibrations on the behaviour 

of tower cranes. In particular, in the first of three papers [11] 

published in 2021, the author defined some of the 

fundamental principles governing the influence of vibrations 

in the elastic structure of the jib crane on the behaviour during 

rotation of the jib. In the second paper [12], in 2023, the 

author developed an innovative calculation for determining 

the normal vibration modes of a Tower jib crane. He used a 

finite element system to model the jib crane as an Euler-

Bernoulli beam. He made the approximation of dividing the 

boom into a limited number of elements, based on the weight 

distribution of the different sectors. This allowed us to obtain 

an approximate analytical solution to the problem. Finally, in 

the most recent [13], the author developed a method for 

controlling a tower crane designed as a non-rigid system. In 

fact, under external excitations, both wanted and non-wanted, 

the payload tends to sway around its vertical axis, and this 

motion is coupled to the dynamic vibration of the crane 

structure. 

All these very recent solutions for controlling the tower 

crane, which also take into account the vibrations due to its 

elastic structure, overlook a fundamental point. The fact that, 

if the system is controlled in a closed loop, i.e., using sensors 

that provide feedback on the relative position, rotation speed, 

or sway angle, these sensors are subject to measurement 

noise. Furthermore, a possible error in the position/velocity 

target defined by the PLC must also be considered, due to the 

simplifications in the theory used to describe the tower crane's 

movements through the software. As a consequence, some 

recent works have introduced the use of the Kalman filter. 

The Kalman filter is a recursive filter that estimates the state 

of a variable based on a series of measurements, taking into 

account noise. Due to its characteristics, it is an excellent 

filter for noise and disturbances acting on zero-mean 

Gaussian systems. Pezhman et al. [14] introduced the use of 

the Kalman filter for the closed-loop control of an overhead 

crane. Jaehoon et al. [15] also used the Kalman filter for the 

same application. Instead, both Zhimei et al. [16] and Thomas 

et al. [17], who have defined position control methods based 

on the Dempster-Shafer mathematical theory and a Model-

based velocity-positioning control for self-erecting tower 

cranes, respectively, have addressed their applications to 

tower slewing cranes using different motion control methods. 

The author of this paper had also defined an application using 

the Kalman Filter for Overhead Cranes [18], but this 

application was mainly aimed at systems with quantum 

control algorithms. 

In this paper, we present a closed-loop anti-sway control 

application for a tower slewing crane. This application is 

characterised by the union of two fundamental factors: the 

control of the load swing during jib rotation and the use of the 

Kalman filter algorithm to correct errors obtained in the 

closed-loop control. We get a control system that is both 

easily applicable and precise in eliminating all mistakes 

derived from the measurements. 

In this work, the equations governing sway control are 

derived using an iterative calculation method. The method 

employed in this paper utilises a “command smoothing” 

technique to mitigate sway, which is achieved by 

incorporating additional damping to counteract sway. 

Because this method is iterative, we can obtain the total 

damping of the sway by repeatedly changing the velocity set 

during the movement of the Jib, even if the previous damping 

control of the oscillations is still in progress. 

Furthermore, the other factor that characterizes this work 

on tower cranes, and makes it innovative, consists of using 

the Kalman filter to reduce the errors introduced, on the one 

hand, by the approximation of the model used to define the 

position/velocity target profile, and on the other hand, by 

measurement errors due to the sensors used. The cable angles 

are estimated using two inertial sensors. One could be 

installed at the hook block, and the other could be installed at 

the tower tip. 

We have organised this paper in the following manner. In 

Section II, the equations of motion of the jib are defined and 

described. From this, the oscillation patterns in the radial and 

transverse directions to the direction determined by the jib are 

derived. Subsequently, in Section III, the fundamental 

characteristics of the Kalman filter are determined. Then, in 

Section IV, the equations derived from the Kalman filter 

theory, specifically relating to our case of tower jib crane 

control, are described. In Section V, an implementation of the 

method and the most relevant results of the model simulation 

are presented. At the end, in Section VI, concluding remarks 

are defined, highlighting possible developments of the work 

in question. 

 

 
[Fig.1: Example of a Tower Jib Crane] [18] 

II.  DYNAMIC MODEL OF THE TOWER CRANE 

SYSTEM  

We can consider the Tower crane as the set of: 

1. A vertical flexible column, the Tower. 

2. A flexible Jib. 
3. A trolley system, a hoisting line, and a payload.  

4.  and l Represent the slew angle and the length of the 

hoisting line, respectively.  

5. The slew angle is the rotating horizontal angle of the 

crane Jib while the commanded movement is started. 

Sway angles are obtained as  

the crane runs, namely, they 

are the tangential sway t , 

https://doi.org/10.35940/ijitee.J1141.14090825
https://doi.org/10.35940/ijitee.J1141.14090825
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and the radial sway
r . In this work, we consider the payload 

as a point mass and assume that it exhibits the behaviour of a 

pendulum. A geometric description of the Tower Crane 

system is shown in Fig. 2. 

We will refer to the paper by the author of this work [13], 

where the Dynamic model of the Tower crane is described in 

detail, without considering the flexibility of the structure. 

Referring to work [13] According to the author, the 

slewing crane can be defined by: 

1. A rotating Jib.  

2. A translating trolley on the jib.  

3. A load cable having a length L. 

4. A payload of mass mL is connected to the trolley with 

mass mTr.  

Besides, we consider the mass of the rope to be small 

compared to the payload, and therefore, it is neglected. 

A. Lagrange Equations for the Swaying Movements 

We represent the dynamics of the Tower crane by a 

mathematical system with five independent degrees of 

freedom, described by five Lagrangian coordinates qi : 

1q r=   :  the radial position of the mass centre of the trolley 

on the x-axis. 

2q =  : Slewing angle (rotation around the z-axis). 

lq =3   : hoisting position of the crane (along the z-axis). 

xq =4  :  sway angle tangential to the radial direction. 

yq =5  :  sway angle normal to the radial direction. 

 

We consider the Lagrange function: 

𝐿 = 𝑇 −𝑈   …   (1) 
where T is the Kinetic Energy of the crane system, and U is 

the Potential Energy. Using the generalized Lagrange 

equations: 
𝑑

𝑑𝑡
(
𝜕𝐿

𝜕𝑞̇𝑖
) −

𝜕𝐿

𝜕𝑞𝑖
= 𝑄𝑖   …   (2) 

 

Therefore, we obtain the system of equations in the 

generalized coordinates qi. 

In the Lagrange equations, the generalised non-

conservative Forces Qi are introduced to account for 

dissipative forces. These forces represent: 

1. The components of the wind force and the components 

of the forces responsible for the rotation movement 

damping.  

2. The components, on the axes x and y, of air resistance 
forces acting on both the payload and the hoisting 

system. 

Focusing only on the equations relative to 𝜑̈𝑥and 𝜑̈𝑦we 

have: 

𝑙𝜑̈𝑥 = {−2(𝑙𝜑̇̇𝑥 − 𝑙𝜑̇𝜑̇𝑦) − (
𝑘𝐷,𝑥

𝑚𝐿
) 𝜑̇𝑥 − 𝑘𝐸,𝑥𝑙𝜑𝑥} +

{
(𝑙𝜑̈𝜑𝑦) + 𝑙𝜑̇

2𝜑𝑥 − 2𝑙̇𝜑̇𝜑𝑦

−𝑔𝜑𝑥 + (
𝑙̇2

𝑙
)𝜑𝑥

} + {𝑟𝜑̇2 − 𝑟̈}  …   (3)     

𝑙𝜑̈𝑦 = {−2(𝑙𝜑̇̇𝑦 − 𝑙𝜑̇𝜑̇𝑥) − (
𝑘𝐷,𝑦
𝑚𝐿

) 𝜑̇𝑦 − 𝑘𝐸,𝑦𝑙𝜑𝑦}

+ {

(𝑙𝜑̈𝜑𝑥) + 𝑙𝜑̇
2𝜑𝑦 − 2𝑙𝜑̇̇𝜑𝑥

−𝑔𝜑𝑦 + (
𝑙̇2

𝑙
)𝜑𝑦

}

+ {−2𝑟̇𝜑̇ − 𝑟𝜑̈}  …   (4) 

 

where 
,D x
k and 

,D y
k are the Damping coefficients in 

direction x and y, 
,E x
k and 

,E y
k are the Elastic 

coefficients in direction x and y, 
L
m is the Load mass, and 

g is the gravitation acceleration. Considering eq. (3),𝜙𝑥,  

B. Iterative Method for the Solution of Equations 

𝜙̇𝑥 and 𝜙̈𝑥 are calculated with an iterative method  that, at 

any time t, is defined in the following way:  

𝑟̇𝑡 = (𝑟𝑡 − 𝑟𝑡−1) ⋅ 𝛥𝑡   …   (5)  

 𝑟̈𝑡 = (𝑟̇𝑡 − 𝑟̇𝑡−1) ⋅ 𝛥𝑡  …   (6)                                                                                  

𝑙𝑡̇ = (𝑙𝑡 − 𝑙𝑡−1) ⋅ 𝛥𝑡  …   (7) 

𝑙𝜑̈𝑥,𝑡 = {
−2(𝑙𝜑̇̇𝑥,𝑡 − 𝑙𝜑̇𝑡𝜑̇𝑦,𝑡) − (

𝑘𝐷,𝑥
𝑚𝐿

) 𝜑̇𝑥,𝑡

−𝑘𝐸,𝑥𝑙𝜑𝑥,𝑡

}

+ {

(𝑙𝜑̈𝑡𝜑𝑦,𝑡) + 𝑙𝜑̇𝑡
2𝜑𝑥,𝑡 − 2𝑙𝜑̇̇𝑡𝜑𝑦,𝑡

−𝑔𝜑𝑥,𝑡 + (
𝑙𝑡̇
2

𝑙𝑡
)𝜑𝑥,𝑡

} 

+{𝑟𝑡𝜑̇𝑡
2 − 𝑟̈𝑡}  …   (𝑒𝑖𝑔ℎ𝑡)       

                                                                                                                                                                      
𝜙̇𝑥,𝑡 = 𝜙̇𝑥,𝑡−1 + 𝜙̈𝑥,𝑡−1 ⋅ 𝛥𝑡  …   (9) 

𝜙𝑥,𝑡 = 𝜙𝑥,𝑡−1 + 𝜙̇𝑥,𝑡−1 ⋅ 𝛥𝑡  …   (10) 

1. tx, and 1, −tx are the sway angles along the x 

direction, respectively, at time t and at the previous 

time t-1.  

2. 𝜙̇𝑥,𝑡 and 𝜙̇𝑥,𝑡−1 are the velocity of the sway angle 

along the x direction, respectively, at time t and at the 

previous time t-1. 

3. 𝜙̈𝑥,𝑡and𝜙̈𝑥,𝑡−1are the accelerations of the sway angle 

along the x direction, respectively, at time t and at the 

previous time t-1.  

4. 𝑟̈𝑡  is the acceleration of the movement of the trolley 

relative to the x direction at time t.  

5. 𝑟̇𝑡 and 𝑟̇𝑡−1are the velocity of the movement of the 

trolley relative to the x direction, respectively, at time 

t and at the previous time t-1.  

6. tl


 is the velocity of the movement of the hoisting 

relative to the vertical z direction at time t.  

7. tl  and 1−tl  are the lengths of the cable respectively 

at time t and at the previous time t-1.  

8. t is the time difference between the instant t and the 

instant t-1. 

The iterative solution is based on the hypothesis that at 

the initial instant, the values of the  

sway angle x , the velocity  

of the sway angle phi dot sub 

x, and the acceleration of the 

https://doi.org/10.35940/ijitee.J1141.14090825
https://doi.org/10.35940/ijitee.J1141.14090825
http://www.ijitee.org/
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sway angle 𝜙̈𝑥are equal to zero. That means the pendulum 

is initially in quiet conditions.  

Therefore, for t=0, we have: 

𝜙𝑥,0 = 𝜙̇𝑥,0 = 𝜙̈𝑥,0 = 0   …   (11) 
 

 
[Fig.2:  Geometric Description of the Tower Crane System] 

III. KALMAN FILTER  

III.1  Notation: We will represent one-dimensional vectors 

with the “_” symbol underneath, and two-dimensional 

matrices with the double subscript. The time dependency of 

the variables is typically not considered for simplicity. 

III.2   The Kalman filter tries to estimate, in the presence of 

disturbances, the internal state 
nx∈R , not accessible, of a 

discrete-time system, whose knowledge of the model is, 

according to a defined theory, complete. The Kalman filter is 

the optimal recursive estimator: if the problem noise is 

Gaussian, the Kalman filter provides a least-squares estimate 

of the system's internal state. Historically, the Kalman filter 

is strictly limited to filtering systems where the state 

transition and observation are linear functions of the current 

state. 

The estimator is simply a tool capable of reconstructing the 

state of the real system. 

In practice, we have two cards to play to reconstruct the 

state: 
1. The mathematical model we have written and whose 

validity we have demonstrated using model noise. 

2. The measurements from the sensors that give us the 

system's real output (obviously corrupted by noise). 

We try to use them consistently to estimate the state. 

Following linear systems theory, the dynamics of a 

continuous-time "linear" system is represented by a 

differential equation such as: 

𝑥̇(𝑡) = 𝐴(𝑡)𝑥(𝑡) + 𝐵(𝑡)𝑢(𝑡) + 𝑤(𝑡)   … (12) 

state update equation, which is associated with an indirect 

observation of this state through a linear system: 

𝑦(𝑡) = 𝐻(𝑡)𝑥(𝑡) + 𝑣(𝑡)   …   (13) 

where ( )y t is the vector of observations. The discrete-

time Kalman filter comes to the aid of real systems where the 

system is sampled at discrete intervals, transforming the 

continuous-time linear system into a linear system of the type: 

 

{
𝑥𝑘+1(𝑡) = 𝐴𝑘(𝑡)𝑥𝑘(𝑡) + 𝐵𝑘(𝑡)𝑢𝑘(𝑡) + 𝑤𝑘(𝑡)

𝑦𝑘(𝑡) = 𝐻𝑘(𝑡)𝑥𝑘(𝑡) + 𝑣𝑘(𝑡)
  …   (14) 

 

If the system evolves according to this model, it is referred 

to as a linear-Gaussian state space model or a linear dynamic 

system. If the matrix values are independent of time, the 

model is referred to as stationary. The 

variables 𝑤𝑘(𝑡)  e 𝑣𝑘(𝑡)  Represent the process and 

observation noise, respectively, whose mean value is zero 

𝑤̄𝑘(𝑡) ≡ 𝑣̄𝑘(𝑡) = 0and respective variances  𝑄 e 𝑅  known 

(assumed white Gaussian noise). 𝐴𝑘 is a state transition 

matrixnxn , 𝐵𝑘 is a matrix  𝑛𝑥𝑙 which connects the optional 

control input 𝑢̱𝑘 ∈ 𝑅
𝑙 with the state 𝑥𝑘 and, at the end, 𝐻𝑘is a 

matrix 𝑚𝑥𝑛 which connects the state with the measure 𝑦𝑘. 

All these matrices, representing the system model, must be 

known with extreme precision; otherwise, systematic errors 

will be introduced. 

The Kalman filter is a recursive estimation filter and 

requires at each iteration, the knowledge of the state 

estimated from the previous step 𝑥𝑘−1  and the current 

observation𝑦𝑘 , i.e., indirect observation of the state of the 

system. 

Let 𝑥𝑘
− the a priori estimate of the system state, based on 

the estimate obtained at time 𝑘 − 1  and from the dynamics 

of the problem, and 𝑥𝑘 the estimate of the state of the problem 

a posteriori of the observation 𝑦𝑘 and based on it. From these 

definitions, it is possible to define the a priori and a posteriori 

estimation error as: 

 

{
𝑒̂𝑘
− = 𝑥𝑘 − 𝑥𝑘

−

𝑒̂𝑘 = 𝑥𝑘 − 𝑥𝑘
  …   (15) 

 

It is possible to associate the Covariance Matrices, a priori 

and posterior, respectively, with  

errors (15): 

 

{
𝑃̂𝑘
− = 𝐸[𝑒𝑘

−𝑒𝑘
−𝑇]

𝑃̂𝑘 = 𝐸[𝑒𝑘𝑒𝑘
𝑇]

   …   (16) 

 

The goal of the Kalman filter is to minimise the covariance 

of the a posteriori error, underbar, denoted as P_k, and 

provide a method to estimate the state, denoted as x_hat_k, 

and the observation, denoted as y_k. The Kalman filter 

provides an a posteriori state 

estimate through a linear 

combination of the prior state 

https://doi.org/10.35940/ijitee.J1141.14090825
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estimate and the observation error: 

 

𝑥𝑘 = 𝑥𝑘
− +𝐾𝑘 (𝑦𝑘 − 𝐻𝑘𝑥̂𝑘

−)  …   (17) 

 

This shifts the problem of estimation to that of deriving the 

gain factor. 𝐾𝑘  (Blending factor). The difference 𝑦𝑘 −

𝐻𝑘𝑥̂𝑘
− is called the residual, or innovation, and represents the 

discrepancy between the predicted observation and the one 

that actually occurred.  

The Kalman filter is typically implemented in two phases: 

the time update (prediction phase) and the measurement 

update (observation phase). 

In the first phase, the a priori estimate is obtained of both. 𝑥𝑘 

and the covariance 𝑃𝑘 . The a priori estimate 𝑥𝑘
− derives from 

in-depth knowledge of the system dynamics: 

𝑥𝑘
− = 𝐴𝑘 𝑥̂𝑘−1 + 𝐵𝑘𝑢𝑘   …   (18) 

and the a priori estimate of the error covariance is updated in 

the same way: 
 

𝑃𝑘
− = 𝐴𝑘𝑃𝑘−1𝐴𝑘

𝑇 +𝑄𝑘   …   (19) 

 

These are the best estimates of the state and covariance of the 

instant. 𝑘 obtainable a priori from observing the system. 

In the second phase, the gain is calculated, which turns out 

to be: 

𝐾𝑘 = 𝑃𝑘
−𝐻𝑘

𝑇 (𝐻𝑘𝑃𝑘
−𝐻𝑘

𝑇 +𝑅𝑘)
−1
  …   (20) 

which minimises the posterior covariance, and with this 

factor, the posterior state is updated through equation (17). 

Using this value for the gain 𝐾𝑘, the a posteriori estimate of 

the covariance matrix becomes: 
 

𝑃𝑘 = (𝐼 − 𝐾𝑘𝐻𝑘)𝑃𝑘
−   …   (21) 

 

To unify the different variants of Kalman filters, we can 

translate these equations using variance-covariance matrices: 

{
𝑐𝑜𝑣 (𝑥𝑘 , 𝑦𝑘) = 𝑃𝑘

−𝐻𝑘
𝑇

𝑐𝑜𝑣 (𝑦𝑘) = 𝐻𝑘𝑃𝑘
−𝐻𝑘

𝑇
}  …   (22) 

so that we can write equation (20) as: 

𝐾𝑘 = 𝑐𝑜𝑣 (𝑥𝑘 , 𝑦𝑘)(𝑐𝑜𝑣 (𝑦𝑘) + 𝑅𝑘)
−1
  …   (23) 

e l’eq. (21) diventa:                   

𝑃𝑘 = 𝑃𝑘
− −𝐾𝑘 𝑐𝑜𝑣 (𝑥𝑘 , 𝑦𝑘)

𝑇
  …   (24) 

As can be easily seen, the covariance matrix and the 

Kalman gain do not depend on the state, observations, or 

residuals, and have an independent history. However, the 

Kalman filter requires an initial value for the state variable 

and the covariance matrix. The initial value of the state must 

be as similar as possible to the actual value, and this similarity 

must be reflected in the initial covariance matrix. 

IV. KALMAN FILTER APPLIED TO THE TOWER 

CRANE SYSTEM   

A. Matrix Equation of the Kalman Filter for the Crane 

We can rewrite equations (3) and (4) to obtain matrix 

equations that will be useful to realize the Kalman filter 

method. So, from equations. (3) and (4) we get: 

𝑟̈ − 𝑙𝜑𝑦𝜑̈ + 𝑙𝜑̈𝑥 = (𝑟 + 𝑙𝜑𝑥)𝜑̇
2𝑜 − 2(𝑙𝜑̇̇𝑥 − 𝑙𝜑̇𝑦𝜑̇ −

𝑙𝜑̇𝑦𝜑̇) − (
𝑘𝐷,𝑥

𝑚𝐿
) 𝜑̇𝑥 − 𝑘𝐸,𝑥𝑙𝜑𝑥 + {−𝑔𝜑𝑥 +

(
𝑙̇2

𝑙
)𝜑𝑥}   …   (25)  

(𝑟 + 𝑙𝜑𝑥)𝜑̈ + 𝑙𝜑̈𝑦 = (𝑙𝜑𝑦)𝜑̇
2𝑜 − 2(𝑙𝜑̇̇𝑦 + 𝑟̇𝜑̇ + 𝑙𝜑̇𝑥𝜑̇ +

𝑙𝜑̇𝑥𝜑̇) − (
𝑘𝐷,𝑦

𝑚𝐿
) 𝜑̇𝑦 − 𝑘𝐸,𝑦𝑙𝜑𝑦 + {−𝑔𝜑𝑦 +

(
𝑙̇2

𝑙
)𝜑𝑦}  …   (26)                   

This allows us to define the matrix equation in Lagrangian 

coordinates q : 

𝑀(𝑞) 𝑞̈ + 𝐶 (𝑞, 𝑞̇) 𝑞̇ + 𝐷 (𝑞, 𝑞̇) 𝑞̇   + 𝐾 (𝑞) + 𝐺 (𝑞)

= 𝐹 (𝑞, 𝑞̇) 𝑞̈   …   (27) 

where 𝑀is the mass matrix, 𝐶 the matrix of kinetic forces, 

𝐷  the damping matrix due to different factors such as air 

friction,  𝐾the elastic matrix of the Tower crane structure, 

𝐺  the matrix of gravitational terms, 𝐹 the external forces 

matrix (motors) operating on the Tower crane. 

Considering only equations (25) and (26), which relate to 

the determination of the sway angles as a function of time 

(where the external forces do not appear), we can obtain the 

explicit expressions for the terms of equation (27). 

 

𝑀(𝑞) = [
1
0
;
−𝑙𝜑𝑦

(𝑟 + 𝑙𝜑𝑥)
;
𝑙
0
;
0
𝑙
]  …   (28) 

 

𝐶 (𝑞, 𝑞̇) 𝑞̇

= [
0
2𝜑̇
;
−(𝑟 + 𝑙𝜑𝑥)𝜑̇
−𝑙𝜑𝑦𝜑̇

;
−2𝑙̇𝜑𝑦

2𝑙̇𝜑𝑥
;
2𝑙̇

2𝑙𝜑̇
;
−2𝑙𝜑̇

2𝑙̇
]   …   (29) 

                              

𝐷 (𝑞, 𝑞̇) 𝑞̇ =

[
 
 
 
 
𝑘𝐷𝑥
𝑚𝑙

𝑘𝐷𝑦
𝑚𝑙 ]
 
 
 
 

[𝑟̇ 𝜑̇]  …   (30)    

𝐾 (𝑞) = [
𝑘𝑅𝑥𝑙𝜑𝑥
𝑘𝑅𝑦𝑙𝜑𝑦

]   …   (31) 

𝐺 (𝑞) =

[
 
 
 
 𝑔𝜑𝑥 −

𝑙2̇𝜑𝑥
𝑙

𝑔𝜑𝑦 −
𝑙2̇𝜑𝑦
𝑙 ]
 
 
 
 

  …   (32) 

 

𝐹 (𝑞, 𝑞̇) 𝑞̈ = [
0
0
]  …   (33) 

 

B. Kalman Observer for the Tower Crane System 

We can turn the matrix equation into the Lagrangian 

coordinates 𝑞 , introducing the inverse matrix 𝑀−1 (𝑞), so 

that we get the following equation, solved as a function of 𝑞̈: 

𝑞̈ = − {𝐶 (𝑞, 𝑞̇)𝑀−1 (𝑞)} 𝑞̇ + 𝑜𝑛𝑒𝑒 𝑜𝑛𝑒

− {𝐷 (𝑞, 𝑞̇)𝑀−1 (𝑞)} 𝑞̇

+ −{𝐾 (𝑞) + 𝐺 (𝑞)}𝑀−1 (𝑞)  …   (34) 

Assuming: 
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𝐴0 ≜ −{𝐶 (𝑞, 𝑞̇) + 𝐷 (𝑞, 𝑞̇)}𝑀
−1 (𝑞) 𝑞̇   …   (35) 

𝐵0 ≜ −{𝐾 (𝑞) + 𝐺 (𝑞)}𝑀
−1 (𝑞)  …   (36) 

𝑥̱𝑚 = 𝑞̇  …   (37) 

In this way, we obtain the matrix equation. 

𝑥̱̇𝑚 = 𝐴0𝑥̱𝑚 +𝐵0   …   (38) 

Therefore, eq. (38) is the starting equation, which, in our 

specific case of closed-loop control of the Tower Crane, 

generates the state update equation (12). 

To this, in our case, we add the equation: 

𝑦𝑚 = 𝐻0𝑥𝑚 + 𝑣  …   (39) 

That is the indirect observation of the state, through the 

matrix. 𝐻0, where we consider the cable angles, which are 

typically estimated through inertial measurements. 

Explicitly, we can derive from equations (3) and (4) the 

explicit matrix equations of the vector 𝑥̱̇𝑚, including the state 

observation equations, through the Kalman filter: 

{
 

 
𝑥1 = 𝜑̇𝑥
𝑥2 = 𝜑̇𝑦
𝑥3 = 𝜑𝑥
𝑥4 = 𝜑𝑦}

 

 
  …   (40) 

𝑙 [
𝑥̇1
𝑥̇2
] = [

−2𝑙̇ − (
𝑘𝐷,𝑥

𝑚𝐿
) −2𝑙𝜑̇

−2𝑙𝜑̇ −2𝑙̇ − (
𝑘𝐷,𝑦

𝑚𝐿
)
] [
𝑥1
𝑥2
] +

+[
𝑙𝜑̇2 − 𝑔 + (

𝑙̇2

𝑙
) 𝑙𝜑̈ − 2𝑙𝜑̇̇

𝑙𝜑̈ − 2𝑙𝜑̇̇ 𝑙𝜑̇2 − 𝑔 + (
𝑙̇2

𝑙
)
] [
𝑥3
𝑥4
] + 𝑜𝑒 +

[
𝑟𝜑̇2 − 𝑟̈

−2𝑟̇𝜑̇ − 𝑟𝜑̈
]   …   (41)    

 

[
𝑥̇3
𝑥̇4
] = 𝐻0 [

𝑥3
𝑥4
]  …   (42) 

 

Two IMUs (Inertial Measurement Units), designed for use 
on the hook system and the tower  

tip, should be used in conjunction with the units used for 

closed-loop velocity control. Both the closed-loop velocity 

behavior of each drive and the sway angles are controlled.. 

V. RESULT AND DISCUSSION   

At this point, we can define the following iterative 

procedure for the Kalman-Bucy observer method we applied: 

1. We write the model of the real system: eq. (3) and eq. 

(4). 

2. We estimate the model error, i.e., we indicate its 

variance: eq. (14) and eq. (16). 

3. We estimate the measurement error, i.e., we indicate its 

variance: eq. (14). 

4. We calculate the Kalman Gain 𝐾𝑘  Using an algorithm 

that takes as input the model matrices and the variances 

of the model and measurement errors: eq. (19), eq. (20) 

and eq. (21) using eq. (38) and eq. (39). 

5.  With this value of 𝐾𝑘 We minimise the posterior 

covariance and, with this factor, update the posterior 

state using equation (17). In our case, the variable 

estimated through equation (17) is the vector of the 

Speed references for the Slewing axes and the Trolley. 

To test the adopted procedure, we used Codesys V3.5 SP7, 

written in Structured Language (SL), to simulate the time 

evolution of the motion equations and define the input 

casually read by the sensors. An example of the Tower crane 

parameters used to model the system is described in Table 1. 

The Velocity reference is the target speed value, established 

by the crane operator or the automatic control system at the 

moment the movement begins. It is defined in Hz, as a 

consequence of how the electric motors are restricted. In fact, 

at the speed in Hz on the fast shaft (that is, on the motor), a 

velocity corresponds on the slow shaft (that is, on the wheels 

moving on the rails of the trolley or on the shaft controlling 

the slewing motion of the jib), depending on the reduction 

gearing from the motor to the wheel.  

The Ramp Set represents the time required for the linear 

motor ramp to reach the speed reference. Based on the speed 

reference, the system calculates the velocity profile for 

obtaining the anti-sway effect. Obviously, the speed profile 

obtained is longer than the linear Ramp Set without the Anti-

Sway effect. 

Generally, the longer the cable length, the longer the 

time of the speed profile. In general, it is essential to 

reduce the time of the velocity profile to provide a fast 

response to the operator's commands. 

Table I: Exemplary Crane Parameters 

Symbol Parameter Value Unit 

VRef, Sl Slewing Speed reference 30.0 Hz 

VRef, Tr Trolley Speed reference 40.0 Hz 

VMaxRef, Sl Slewing Max Speed reference 50.0 Hz 

VMaxRef, Tr Trolley Max Speed reference 50.0 Hz 

𝜑̇ Angular Rotation Velocity 0.1 Rad/s 

AccSl Slewing Acc. Ramp Set  5.0 s 

DecSl Slewing Dec. Ramp Set 5.0 s 

AccTr Trolley Acc. Ramp Set 3.0 s 

DecTr Trolley Dec. Ramp Set 3.0 s 

l Cable length 1-50   m 

L Length of the Jib 50   m 

lT Length of the Tower 50   m 

lCJ Length of the counter-jib 12   m 

XTr 
Variable position of the Trolley on 

the Jib 
30 

   m 

mCJ Counter-Jib mass 5·103 kg 

mL Load mass 2·103 kg 

mT Tower mass 7·103 kg 

mTr Trolley mass 6·102 kg 

 
In the following figures, the values obtained from the 

simulation in Codesys using the supplied data are 

represented, yielding the Slewing  

speed function, which is 

intended as the Speed 
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Reference for the Slewing axis. 

The plots below were obtained by subjecting the 

considered continuous-time process to two sources of zero-

mean Gaussian noise using a random signal generated by a 

function in the Codesys language. 

 

[Fig.3:  Profile of the Reference Velocity for the 

Slewing 𝝋̇ and the Corresponding Profile for the 

Perpendicular Sway Angle y
 Using the Load Anti-

Sway Profile. The Initial Slewing Speed Reference = 30 

Hz, Ramp Set = 2.5 s, Cable Length = 10.5 m] 

In Fig. 3, we represent the profiles of the angular velocity 

for the slewing movement and the corresponding profile of 

the tangential sway angle. We can see how the movement 

ends, the anti-sway effect occurs, and therefore, the swinging 

of the transported load is also cancelled out. 

 

[Fig.4:  Profile of the Reference Velocity for the Slewing 

𝝋̇  and the corresponding Profile for the perpendicular 

sway angle y
 using the Load Anti-sway profile. The 

initial Slewing speed reference = 30 Hz, ramp set = 2.5 s, 

cable length = 10.5 m] 
 

The same profiles are shown in Fig. 4, where, however, the 

Velocity Reference Profile of the Slewing is calculated using 

an optimized system to obtain shorter acceleration and 

deceleration ramps. This way, the system performs better for 

the operator in terms of response to commands, although it is 

obviously subject to greater physical stress due to the faster 

ramps. 

In the following figures, we represent the theoretical 

Velocity reference profile of the Slewing (in black), as shown 

in Figs. 2 and 3. Along with this profile, two other profiles 

are represented in the following figures: the profile (in blue) 

of the Slewing considering the measurement noise (i.e., the 

measurement errors) and that of the modelling of the 

phenomenon (i.e., the errors in the modelling of the control 

of the Slewing crane). Finally, the profile of the Slewing in 

output is represented (in red), obtained by filtering the signals 

using the Kalman filter—the vectors. 𝑤and𝑣, as shown in the 

equation. (12) and (39), respectively, represent the state 

variance (Slewing Crane control model) and the output noise 

variance (input reader noise variance). In this context, the 

state and output noise are assumed to be zero-mean Gaussian 

with covariances and respectively. 

 

[Fig.5: Profile of the Reference Velocity for the Slewing 

𝝋̇ Using the Input-Shaping Control for the Anti-

Vibration System. Theoretical Velocity Reference Profile: 

Black; State Velocity Reference Profile Considering 

Model and Output Variances: Blue; Estimated Velocity 

Reference Profile with Kalman Filter: Red. The Specific 

Values are: Slewing Speed Reference = 30 Hz, Ramp SET 

= 2.5 Seconds, Cable Length = 10.5 Meters. Variance of 

the Output Signal = 0.5; Variance of the Process Equation 

= 0.5] 

In Fig. 5, we can see that, in correspondence with high 

values of the variances of both the state and the measurement 

process, a vigorously oscillating profile is obtained on the 

output (Blue line), which is not very reliable and should be 

discarded for crane control. 

 

[Fig.6:  Profile of the Reference Velocity for the Slewing 

𝛗̇ Using the Input-Shaping Control for the Anti-

Vibration System. Theoretical Velocity Reference Profile: 

Black; State Velocity Reference Profile Considering 

Model and Output Variances: Blue; Estimated Velocity 

Reference Profile with Kalman Filter: Red. The Specific 

Values are: Slewing Speed Reference = 30 Hz, Ramp set 

= 2.5 Seconds, Cable Length = 10.5 Meters. Variance of 

the Output Signal = 0.1; Variance of the Process Equation 

= 0.1] 
 

However, already in Fig.6, we  

highlight how, in 

correspondence with 

improved values of the 
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process and output variance, we obtain values on the output 

(Blue line) with an oscillating profile, but less elevated than 

in Fig. 5. 

 

[Fig.7:  Profile of the Reference Velocity for the Slewing 

𝝋̇ Using the Input-Shaping Control for the Anti-

Vibration System. Theoretical Velocity Reference Profile: 

Black; State Velocity Reference Profile Considering 

Model and Output Variances: Blue; Estimated Velocity 

Reference Profile with Kalman Filter: Red. The Specific 

Values are: Slewing Speed Reference = 30 Hz, Ramp Set 

= 2.5 Seconds, Cable Length = 10.5 Meters. Variance of 

the Output Signal = 0.01; Variance of the Process 

Equation = 0.1] 

 

In Fig. 7, corresponding to process and output variance 

values improved by an order of magnitude, significantly less 

oscillating output profile values (Blue line) are obtained. The 

profile is thus quite smooth. 

 

 

[Fig.8  Profile of the Reference Velocity for the Slewing 

𝝋 ̇ Using the Input-Shaping Control for the Anti-

Vibration System. Slewing Speed Reference = 30 Hz, 

Ramp set = 2.5 s, Cable Length = 10.5 m. Theoretical 

Velocity Reference Profile: Black; State Velocity 

Reference Profile Considering Model and Output 

Variances: Blue; Estimated Velocity Reference Profile 

with Kalman Filter: Red. Variance of the Output Signal 

= 0.01; Variance of the Process Equation = 0.001] 

 

In Fig. 8, corresponding to process variance values further 

improved by an order of magnitude, even less oscillating 

output profile values (Blue line) are obtained. The profile is 

thus already sufficiently smooth. 

 

 

[Fig.9:  Profile of the Reference Velocity for the Slewing 

𝝋̇ Using the Input-Shaping Control for the Anti-

Vibration System. Slewing Speed Reference = 30 Hz, 

Ramp Set = 2.5 s, Cable Length = 10.5 m. Theoretical 

Velocity Reference Profile: Black; State Velocity 

Reference Profile Considering Model and Output 

Variances: Blue; Estimated Velocity Reference Profile 

with Kalman Filter: Red. Variance of the Output Signal 

= 0.01; Variance of the Process Equation = 0.001] 

 

In Fig. 9, corresponding to process and output variance 

values that have improved by a further order of magnitude, a 

really stable output profile is obtained (Blue line). The profile 

is thus extremely smooth. 

 

[Fig.10 An Initial Part of the Velocity Reference Profile of 

the Slewing 𝝋 ̇ Using the Input-Shaping Control for the 

Anti-Vibration System. Theoretical Velocity Reference 

Profile: Black; State Velocity Reference Profile 

Considering Model and Output Variances: Blue; 

Estimated Velocity Reference Profile with Kalman Filter: 

Red. The Specific Values are: Slewing Speed reference = 

30 Hz, Ramp Set = 2.5 Seconds, Cable Length = 10.5 

Meters. Variance of the Output Signal = 0.001; Variance 

of the Process Equation = 0.001] 

 

The fact that the profile is exceptionally smooth, with very 

low variance values (0.001), is  

evident in Fig. 10, where a 

portion of the curve is 
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represented to precisely highlight the regularity of the output 

profile (Blue line).  

 

[Fig.11 Profile of the Reference Velocity for the Slewing 

𝝋 ̇ Using the Input-Shaping Control for the Anti-

Vibration System with Optimized Profile. Theoretical 

Velocity Reference Profile: Black; State Velocity 

Reference Profile Considering Model and Output 

Variances: Red; Estimated Velocity Reference Profile 

with Kalman Filter: Blue. Slewing Speed Reference = 30 

Hz, Ramp Set = 2.5 s, Cable Length = 10.5 m. Variance of 

the Output Signal = 0.01; Variance of the Process 

Equation = 0.001] 

Finally, Fig. 11 illustrates an example of an optimised 

profile representation of the Velocity Reference, achieved by 

increasing the ramp speed to optimise the response times of 

the anti-sway system. We can also see, in this case, how, in 

correspondence with extremely low process and output 

variance values, very stable output profile values (Blue line) 

are obtained. The profile is thus extremely smooth and 

therefore correct. 

VI. CONCLUSION 

In this paper, we developed a method for creating a Velocity 

profile for an Industrial Tower Crane, controlled in closed-

loop with Anti-Sway, using a Kalman Filter. This is to reduce 

the errors introduced by the developed method.  

The natural development of the method described in this 

work is achieved by introducing, in the Lagrange equations 

that describe the movement of the jib crane, the variation due 

to the vibrations generated by the elastic and non-rigid 

structure of the tower jib crane. 
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