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ABSTRACT

With the rapid development of large scale infrastructure construction and industrial assembly
such as wind turbine installation, bridge segment erection, and modular plant construction dual
crawler cranes (DCCs) have become essential equipment for handling oversized and heavy
loads. Their cooperative hoisting capability enables the manipulation of massive structures be-
yond the lifting capacity of a single crane. However, due to the cooperative hoisting of DCCs
represents a complex nonlinear control problem characterized by strong coupling, underactua-
tion, and multiple motion constraints. Ensuring safe, efficient, and precise load manipulation
in such systems poses significant challenges, particularly when considering the bounded nature
of rope velocities and the closed chain geometric configuration formed by the cranes and the

suspended load.

This thesis investigates the modeling, trajectory design, and control of DCC cooperative

hoisting systems with two types of suspended loads: a point-mass load and a rigid-rod load.

For the point-mass case, a comprehensive kinematic model is developed to describe the
motion under cable velocity constraints. To achieve time optimal lifting while respecting the
rope-velocity bounds, an optimal control method is proposed to minimize the total hoisting
duration under physical constraints. Building upon this, an adaptive velocity shaping tech-
nique is introduced, which dynamically adjusts the motion speed based on the instantaneous
position of the load and the cable dynamic factors. This adaptive mechanism guarantees con-
straint satisfaction while maintaining high motion efficiency and smooth deceleration as the

load approaches the target position, thereby further reducing the total lifting time.

For the rigid-rod load system, a complete nonlinear dynamic model is established without
linearization assumptions. Through systematic constraint reduction, the original tenth-order (5
degree of freedom) dynamic model is reduced to a simplified sixth-order (3 degree of freedom)
representation that retains essential nonlinear behaviors. This formulation provides an accurate
yet tractable foundation for controller design and serves as a reference for similar closed chain
mechanical systems. Stability of the closed loop system is analytically verified through both

linearized and energy based approaches.

A constraint consistent trajectory generation method is then proposed, in which reference
trajectories are directly designed in the cable length domain. By determining the equilibrium
configuration at each instant through the system’s balance equations, the approach ensures that
all reference trajectories inherently satisfy static equilibrium and geometric feasibility. On this

basis, a PID-based coupled error compensation control scheme is developed to coordinate the



motions of the two cranes while suppressing load sway. The controller integrates synchro-
nization and attitude error compensation to achieve cooperative stability and high-precision

tracking.

Extensive simulation studies are conducted in MATLAB to validate the effectiveness of
the proposed models and control strategies. The results demonstrate that the developed meth-
ods ensure precise trajectory tracking, strong robustness to system asymmetry, and significant

improvements in lifting efficiency and vibration suppression.

Keywords: Dual crawler cranes, Cooperative hoisting, Nonlinear dynamics, Trajectory plan-

ning and control, Nonlinear modeling
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Chapter 1

Introduction

1.1 Research Motivation

1.1.1 Background on Crawler Cranes

Crawler cranes as illustrated in Fig. 1.1, are mobile lifting machines designed for heavy duty
operations. The boom length and boom angle of the crawler crane can be adjusted to meet
different lifting requirements, and the furntable allows full 360-degree rotation to expand the
operating range. The cable length can be varied to raise or lower the suspended load, while
the crawler enables the crane to move steadily and adapt to uneven terrain, ensuring strong
mobility and stability in demanding working environments. Crawler cranes are widely used
in the construction of large-scale infrastructures such as power plants, bridges, petrochemical
facilities, stadiums, and nuclear installations [1, 2]. Their high load capacity, operational stabil-
ity, and flexible boom configuration provide distinct structural advantages that make them well
suited for demanding engineering applications [3]. With the continuous development of these
industries, the geometry, mass, and installation precision of lifted components have become

increasingly complex [4].

Cable

Turntable
Boom angle

Crawler

Figure 1.1: Schematic of a crawler crane (SANY SCC7200TM).

For high precision operations such as the installation of wind turbine blades or bridge
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girders, a single crane often proves inadequate due to its limited load capacity and inability
to regulate the load orientation [5]. Consequently, dual crawler cranes (DCCs) cooperative
hoisting has become a necessary solution. However, this collaborative operation introduces
considerable challenges, as it requires precise coordination between cranes and increases the
overall risk and complexity of the lifting task. In conventional practice, the lifting path is often
determined through manual adjustments near the installation site, relying heavily on the experi-
ence of multiple skilled operators. This approach is time consuming and prone to uncertainties,

which significantly reduces operational efficiency [6].

Furthermore, the demand for high capacity cranes continues to rise in large scale industrial
applications, pushing manufacturers to expand the lifting limits of single cranes. Yet, beyond
a certain threshold, enhancing the load capacity of a single crane entails a disproportionate
increase in cost and design difficulty [7]. In contrast, cooperative lifting using two or more
medium capacity crawler cranes has become an economically and technically viable alternative.
This configuration allows heavy or oversized structures to be lifted with improved stability

while maintaining cost efficiency [8].

1.1.2 Advantages of DCC Systems

The advantages of DCC systems over single crane operations can be summarized as follows:

* Higher load capacity: DCCs can share the total load, enabling the lifting of heavier and

larger structures that exceed the capacity limits of a single crane.

* Improved operational stability: Load distribution between the cranes reduces tipping
risk, lateral swing, and excessive boom stress, thereby enhancing overall safety and sta-

bility during lifting.

* Enhanced orientation control: Coordinated motion of both cranes allows precise ad-
justment of the load’s attitude and position, which is essential in high precision assembly

tasks such as wind turbine installation.

* Cost effectiveness: Using two medium capacity cranes is often more economical than

manufacturing or deploying a single ultra heavy crane with equivalent capacity.

* Greater flexibility and adaptability: DCC systems can accommodate a wider range of

lifting configurations and operate effectively in confined or irregular workspaces.

A typical example is the installation of high power wind turbines. The blades of a modern
turbine, which can exceed 30 meters in length, must be hoisted from a horizontal transport

position to a precise vertical alignment for hub assembly [6]. This operation typically requires
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the synchronized motion of DCCs to achieve both load sharing and accurate orientation con-
trol. Similarly, in petrochemical plant construction, the lifting of large distillation columns and

reactor vessels often relies on DCC cooperation to ensure safe and accurate positioning.

The complexity of their mechanical structure, particularly the boom system, results in a
strong dependency of lifting performance on boom length and working radius [9-12]. When
two crawler cranes are coupled in cooperative operation, this complexity increases further be-
cause the motion of one crane directly affects the stability and balance of the entire load system
[11-15]. As the construction industry moves toward automation and intelligent operation, the
automatic coordinated control of DCC systems has become an inevitable trend to enhance

safety, precision, and efficiency in modern lifting operations [16].

1.1.3 Practical Challenges and Safety Issues

In current industrial practice, DCC cooperative hoisting faces multiple challenges. First, the
closed kinematic chain formed between the cranes and the lifted load increases the complexity
of the system dynamics [17]. Second, the suppression of load swing and the achievement of
precise positioning during lifting require highly synchronized motion of the two cranes. In ad-
dition, obstacle avoidance and motion path planning in complex industrial environments further
increase operational difficulty [18]. These issues make traditional manual operation inadequate
to meet the modern requirements of lifting precision and efficiency, which has accelerated the

development of automated and intelligent hoisting technologies.

Conventional DCC cooperative hoisting operations mainly rely on manual coordination,
where several operators work under the guidance of a supervisor. This approach presents sev-
eral critical limitations, including low efficiency, poor synchronization, and high safety risk.
Operators often rely on visual estimation from long distances or elevated positions, making it
difficult to accurately perceive the real time load motion and position [19]. As a result, the
lifting process becomes time consuming and error prone. More importantly, manual opera-
tion cannot ensure perfect synchronization between cranes. Variations in operator response
time and control habits may cause undesirable load sway, deviation, or even overload, posing

serious safety hazards.

The limitations of manual control become even more evident in complex lifting tasks that
require precise load attitude regulation or movement through confined spaces. Under such
conditions, operator workload and psychological stress significantly increase, which further

reduces operation reliability and safety [20].

The practical challenges of dual crane coordination have been confirmed by recent engi-
neering accidents. The investigation of the 2024 Shanghai Metro Line 11 crawler crane acci-

dent revealed that poor coordination between the two cranes was one of the primary causes of
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the incident. The accident site is shown in Fig. 1.2. Specifically, the operation sites and the
selection of the 260-ton and 320-ton crawler cranes were inconsistent with the planned lifting
scheme. During the 25 minute operation, the two cranes failed to maintain proper synchroniza-
tion. The 320-ton crane performed almost no cooperative movement, while the 260-ton crane
rotated and traveled independently several times, producing excessive lateral forces during the
process. This case highlights the limitations of current DCC cooperative hoisting in real world

engineering applications.

Figure 1.2: Photograph of the 2024 Shanghai Metro Line 11 crawler crane accident site.

Beyond safety and efficiency concerns, traditional dual crane hoisting also encounters
computational and planning challenges. Generating accurate lifting capacity charts requires
large scale data processing and significant computational effort. Simplified analytical models
and manual calculations often lead to low accuracy and heavy workload, compromising the
safety and reliability of the lifting plan [21]. In the case of DCC systems, these challenges
are further amplified because both cranes’ performance characteristics and their cooperative

relationship must be simultaneously considered.

1.1.4 Research Gaps and Academic Motivation

Although extensive research has been conducted on crane control in the academic community,
existing studies still exhibit limitations when applied to DCC cooperative hoisting. The control
of a single crane has been relatively well developed, with mature results in swing suppression
and precise positioning [22]. For instance, adaptive anti sway control strategies have been
proposed for three dimensional double pendulum overhead cranes with variable rope lengths to
address critical issues such as excessive motor starting torque, system parameter uncertainty,

and large swing angles of the hook and load during motion [23].

Other studies have introduced anti-sway control methods for container cranes with vari-
able rope lengths based on phase plane trajectory planning [24]. This approach employs linear

approximation to handle time varying systems that lack exact analytical solutions, providing an
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effective framework for anti-sway control under complex cooperative conditions.

In the field of dual crane coordination, some research has focused on dual hoisting bridge
cranes and proposed control methods combining time varying hierarchical incremental sliding-
mode control with adaptive compensation [25]. However, these studies primarily concern
bridge cranes or gantry cranes operating along fixed rails, while the cooperative hoisting of

crawler cranes has received limited attention.

The modeling complexity of DCC systems is substantially higher than that of bridge cranes
because of the increased degrees of freedom and more intricate dynamic characteristics. Fur-
thermore, several key constraints in dual crane cooperative operations have not been sufficiently
considered in the existing literature. The closed chain constraint formed between the two cranes
and the suspended load significantly increases the difficulty of motion planning. During cooper-
ative lifting, additional coupling constraints such as load distribution, motion synchronization,

and collision avoidance must also be addressed to ensure safe and efficient operation.

Regarding load attitude control, several studies have applied the principle of angular mo-
mentum exchange to the attitude regulation of suspended objects in space. By varying the
angular velocity and acceleration of flywheels, these methods can adjust the horizontal rotation
of the suspended payload. However, their effectiveness in DCC cooperative hoisting remains
to be verified [26].

Fuzzy PID control has been proven effective in lifting scenarios where the payload mass
frequently changes, yet its adaptability to dual crane cooperative systems requires further inves-
tigation [27]. Notably, research on tower crane applications has shown that fuzzy PID control
may suffer from poor performance due to the limited reliability of expert rules, excessive un-
certainty within the fuzzy structure, and inherent blindness in rule definition. These limitations

could become even more pronounced in the more complex DCC systems [28].

To overcome the deficiencies of traditional fuzzy PID control, an adaptive PID strategy
combining an improved seagull optimization algorithm (ISOA) and neural networks (NN) has
been proposed by Tang et al. [28]. This approach optimizes the initial neural network weights
and adjusts the PID parameters online, thereby enhancing robustness against load variation
and external disturbances. These findings indicate that integrating advanced optimization al-
gorithms with adaptive control techniques could significantly improve control performance in

complex crane systems.

Nevertheless, existing control approaches still face challenges in handling system nonlin-
earity and uncertainty. Research on overhead crane systems shows that most cranes remain
heavily dependent on manual operation, with efficiency relying entirely on operator expertise.
In practical applications, automatic control is constrained by parameter uncertainty and un-
modeled dynamics. For dual crane systems, the strong nonlinear coupling between subsystems

makes controller design even more complicated [29-31]. Studies on dual hoisting synchro-
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nization reveal that, when frequency converters cannot communicate in real time, asynchronous
motor motion may generate impact loads on the braking system. Similar synchronization issues

are likely to be more severe in DCC systems [32].

In summary, current research on DCC cooperative hoisting still presents several critical
gaps. First, investigations on the cooperative operation of mobile cranes remain limited. Sec-
ond, key constraint conditions within the system are often not sufficiently modeled. Third,
the adaptability of existing control methods to complex dual crane configurations has not been
fully validated. Finally, few studies have provided effective solutions to address nonlinearities,
parameter uncertainties, and communication delays that occur in real engineering applications.

These research gaps define important directions for future academic exploration [33, 34].

1.2 Background and Literature Review

1.2.1 Cooperative Hoisting System

The research on multi crane cooperative systems began in the 1990s, with early studies focus-
ing primarily on fundamental issues such as task coordination and load distribution. Souissi et
al. [35] and Wang et al. [36] were among the first to investigate task allocation strategies for
multi crane systems, proposing optimization methods to maximize crane utilization and min-
imize operational conflicts. These pioneering studies established a theoretical foundation for
cooperative lifting but remained largely at the planning level without addressing the challenges

of real time dynamic control.

With the advancement of control theory and sensing technology in the current century,
research on multi crane systems gradually shifted toward dynamic coordination and control.
Drawing inspiration from cooperative manipulator technology, scholars analyzed the differ-
ences between dual crane systems and dual manipulator structures, defined several typical
modes of cooperative hoisting, and formulated corresponding coordination equations. Based
on these theoretical developments, hardware systems utilizing wireless communication were
designed to enable real time information exchange between cranes and the lifted load. These
systems successfully integrated cooperative control algorithms and achieved experimental val-
idation. This evolution marked a significant transition of multi-crane systems from static plan-
ning under human supervision to automated and information driven dynamic coordination con-
trol [37].

As a specialized form of cooperative operation, the DCC system follows a similar de-
velopmental path but exhibits distinctive technical characteristics. The crawler undercarriage
provides high mobility and expands the working range, yet it also introduces new complexities

such as ground unevenness and crawler soil interaction dynamics [38]. Furthermore, compared
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with dual rotary cranes (DRCs), the cooperative control of DCCs is inherently more chal-
lenging due to the nonlinear coupling between the two cranes and the additional constraints

introduced by ground contact and motion coordination [39, 40].

Cai et al. [41] clearly pointed out in their study on path planning for dual crane coopera-
tive hoisting that the dual crane system forms a closed kinematic chain, and the motion of the
suspended load exhibits strong nonlinearity that depends critically on the coordination between
the two cranes. The study divided the dual crane system into two subsystems: a manipulator
subsystem, which includes the active swing and pitch motion of the crane booms, and a suspen-
sion subsystem, which involves the passive swing dynamics of the cables and the suspended
load. This modeling framework provides an important theoretical basis for understanding the

dynamic behavior and control design of complex crane systems, including DCC systems.

The study further emphasized that treating the system as two independent cranes while
neglecting cooperative constraints during planning and control leads to unsafe trajectories and
poor coordination. This conclusion is equally valid for DCC cooperative hoisting. In the prac-
tical implementation of such systems, coordination plays a vital role in ensuring operational
safety. Any lack of synchronization between the two cranes can easily induce severe load

swing, which may result in excessive cable tension or even structural damage to the cranes.

For crawler cranes in particular, the unevenness of the ground and other environmental
uncertainties during motion can introduce additional kinematic discrepancies, making coordi-
nated control even more challenging. Therefore, motion synchronization, load stability, and
operational safety constitute the three primary objectives in the research and optimization of
DCC systems.

1.2.2 Dynamic Modeling Methods

Accurate dynamic modeling of DCC systems serves as the foundation for control system design
and remains one of the major challenges in this research field. The system involves multiple
rigid and flexible bodies, including the crane structure, booms, cables, and the suspended load,
together with complex kinematic and dynamic constraints. As a result, the modeling process is

considerably more complicated than that of a single crane system.

Among various modeling approaches, the Lagrangian formulation is one of the most
widely used methods for the dynamic analysis of crane systems. By establishing the equa-
tions of motion from the system’s energy relationships, it effectively handles systems with
multiple constraints and nonlinear couplings [42]. The study by Liu ef al. [40] on DRCs
provides an important reference for the modeling of DCC systems. This nonlinear dynamic
modeling approach, based on the complete Euler—Lagrange equations, can also be effectively

applied to DCC cooperative hoisting to describe its coupled mechanical behavior and dynamic
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interactions.

The DCC system is a strongly coupled structure that integrates boom motion and load
swing. Large amplitude load oscillations generate dynamic moments that significantly affect
the overall stability of the system [43, 44]. In this context, the kinematic coupling trajectory
planning method proposed by Li et al. [45] is particularly important. For DCC cooperative
hoisting, trajectory planning must not only suppress the double pendulum effect but also incor-
porate stability related constraints such as center of gravity envelope and ground pressure distri-
bution as hard conditions in the optimization algorithm [46]. The goal is to generate an optimal

trajectory that achieves both precise positioning and absolute operational safety [37, 47—49].

Large crawler cranes usually employ lattice type booms, whose structural flexibility can-
not be neglected. This introduces a higher dimensional coupled vibration problem involving a
rigid body, flexible boom, cable, and suspended load. The flexible deformation of the boom in-
teracts with the double pendulum oscillation of the load, resulting in complex vibration modes.
Consequently, models based solely on rigid-rod assumptions, such as basic double pendulum

approximations, fail to capture the true dynamic characteristics of the system.

To address this challenge, Maleki et al. [50] proposed a two mode input shaper for double
pendulum cranes, which provides an important reference for further developments. For DCC
systems, it may be necessary to design multi mode input shapers capable of simultaneously
suppressing boom structural vibrations and load swing oscillations. In model based control
design, the dynamic equations must include the flexible degrees of freedom of the boom to

accurately describe and regulate system behavior.

Accurate modeling of DCC systems therefore requires the integration of traditional double
pendulum dynamics with the dynamics of the mobile base, ground interaction, and structural
flexibility. This represents a complex rigid flexible coupled multibody dynamics problem. The
advanced modeling and control methods developed for fixed base cranes provide a solid the-
oretical foundation, but further extensions and innovations are essential to address the unique

engineering challenges of DCC cooperative hoisting.

Different modeling approaches for dual crane systems emphasize different aspects of sys-
tem dynamics, with an evident trade off between model accuracy and computational efficiency.
As summarized in Table 1.1 , common modeling techniques include the Lagrangian method,
the Newton—Euler method, Kane’s method, and the geometric mechanics approach. The La-
grangian method provides a systematic framework and handles constraints effectively, but it
is computationally intensive and highly sensitive to parameter variations, making it more suit-
able for high-fidelity simulation and precise control analysis. The Newton—Euler method is
physically intuitive and computationally efficient, yet it becomes cumbersome when dealing
with complex constraints, and is therefore often applied in real-time control and dynamic com-

putation. Kane’s method eliminates the need to calculate internal forces and is well suited
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for multibody dynamic analysis, although its derivation is relatively complex. The geometric
mechanics approach focuses on preserving the system’s geometric structure, requires rigorous

mathematical formulation, and is mainly employed in theoretical analysis and control design.

Table 1.1: Comparison of modeling methods for dual crane systems.

Modeling Advantages Limitations Applicable Scenarios

Method

Lagrangian Strong systematic for- Computationally com- High-precision control

Method mulation and conve- plex and sensitive to and simulation analy-
nient handling of con- parameters sis
straints

Newton—Euler Physically  intuitive Complex constraint Real-time control and

Method and computationally handling dynamic computation
efficient

Kane’s Method  Avoids internal force Complex derivation Multibody system dy-
calculations process namics analysis

Geometric Me-
chanics Method

Preserves the geomet-
ric structure of the sys-
tem

Requires high mathe-
matical background

Theoretical —analysis
and control design

Although energy based methods such as the Lagrangian formulation can produce high-
fidelity dynamic models, the resulting complex differential equations and coupling terms im-
pose a significant computational burden, which limits their applicability in real-time control.
Consequently, practical engineering applications often require a trade off between model accu-

racy and computational efficiency.

A commonly adopted strategy is model decomposition, in which the overall system is
divided into slow-varying subsystems, such as crane translation and boom actuation, and fast-
varying subsystems, such as load swing. Separate controllers can then be designed for each
subsystem to simplify control implementation. This idea was concretely demonstrated in the
work of Cai ef al. [51], who developed a comprehensive kinematic model of a dual crane
system by analyzing its closed-chain characteristics. Their method innovatively divided the
system into a manipulator subsystem and a suspension subsystem. By establishing geometric
constraint relationships between the load pose and the crane joint parameters, and introducing
a coordination error index to quantify synchronization performance, this framework effectively
reduced the complexity of dynamic modeling while preserving essential physical character-
istics. It therefore provided a feasible foundation for real time trajectory planning in DCC

cooperative hoisting.
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1.2.3 Control Strategy

The control strategy of DCC systems represents the core of their automation and intelligence
level. Its development has evolved significantly from simple independent control to sophis-
ticated cooperative control. The driving motivation behind this evolution lies in addressing
the system’s inherent challenges of strong coupling, nonlinearity, and underactuation, with the

ultimate goal of improving operational performance, safety, and environmental adaptability.

Early studies primarily adopted PID-based independent control strategies, where each
crane was individually controlled to achieve basic coordination [52-56]. However, such ap-
proaches were incapable of effectively managing the strong coupling and nonlinear dynamics
intrinsic to dual crane systems. With a deeper understanding of these coupling characteristics,
researchers began to develop nonlinear cooperative control methods that consider the complete

system dynamics [57, 58].

Initially, dual crane operations were performed in an independent mode, with two cranes
manually coordinated to execute fundamental movements. As the complexity of heavy lifting
tasks increased, research attention gradually shifted toward cooperative and coupled control
[59]. This evolution is reflected in two main aspects. From the kinematic modeling perspec-
tive, the dual crane system fundamentally differs from a single crane system, forming a closed
chain kinematic structure. As noted by Liu ef al. [60], the cranes, the suspended load, and the
ground together constitute a highly coupled system, in which the load’s pose must be indirectly
adjusted by coordinating the motions of both crane booms. From the dynamic coordination
perspective, Liu et al. [61] established a set of nonlinear equations incorporating geometric,
force, and moment balance constraints to accurately describe the coupled dynamics, achieving
deep coordination of the dual crane motions. This control strategy not only accounts for kine-
matic coupling but also addresses the dynamic essence of the system, thereby ensuring stability
and safety throughout the lifting process.

The cooperative hoisting of DCCs constitutes a typical multi-objective and multi-constraint
optimization problem. The evolution of control strategies is reflected across several dimensions
[62]. At the offline planning level, Cai et al. [51, 63] proposed a path planner based on a pri-
ority based multi objective parallel genetic algorithm. By simultaneously considering collision
avoidance, dual crane coordination, and load balance constraints, their method automatically
generates optimized lifting trajectories in complex three dimensional environments. At the real
time control level, Liu et al. [61] designed synchronous and coupling error variables to achieve
real time information exchange between the two cranes. This approach not only enhances
the synchronization of boom motions but also effectively suppresses load swing, addressing
the challenge of searching narrow feasible regions in high dimensional solution spaces. More
importantly, the introduction of a multi layer nested continuous terminal sliding surface the-

oretically guarantees finite time convergence of both positioning and synchronization errors,
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thereby ensuring fast response and closed loop stability of the system.

Currently, control strategies exhibit a trend toward multi method integration, combining,
for instance, model predictive control with intelligent algorithms [64-69] and integrating open
loop trajectory planning with closed loop feedback control [70]. These developments col-
lectively enable dual crane systems to meet the stringent precision requirements of complex

industrial applications such as large structure assembly and wind turbine installation.

The evolution of control strategies for dual crane systems clearly demonstrates a techno-
logical progression from local independent control to global system optimization, from ensur-
ing feasibility to pursuing optimality, and from human experience based operation to intelligent,
model driven autonomous decision making. Future research directions include improving sys-
tem adaptability in dynamic environments, enhancing robustness against external disturbances,
and extending operational capability to full three dimensional lifting tasks. In particular, the
incorporation of advanced control methodologies such as finite-time control, real time coor-
dination mechanisms, and nonlinear coupled control provides a solid technical foundation for

achieving automation and intelligence in heavy load hoisting and precision assembly tasks.

Load sway suppression is a core challenge in achieving safe and efficient crane operations.
For dual cranes that form a closed chain system, this problem becomes particularly complex,
as it requires mitigating both the inherent swing caused by individual crane dynamics and the
additional oscillations induced by improper cooperative coordination [71]. To address these

challenges, multi layer control strategies have been developed.

At the open loop feedforward control level, input shaping techniques are employed to pre-
process control commands through specially designed filters based on the system’s geometric
and dynamic constraints [72, 73]. These filters effectively suppress residual oscillations while
maintaining strong robustness against modeling uncertainties [74—76]. Various input shapers
have been successfully applied to dual crane systems, demonstrating their capability in vibra-

tion attenuation during cooperative lifting operations [77-80].

At the closed loop feedback control level, model-based approaches such as sliding mode
control [81-86] and active disturbance rejection control (ADRC) [87-90] have been widely
adopted. These methods utilize state observers such as extended state observers to estimate and
compensate for both internal and external disturbances in real time [91, 92], thereby actively

and precisely suppressing load sway and ensuring closed loop stability under perturbations.

To further handle strong system nonlinearities and parameter uncertainties, intelligent
control techniques have been introduced [93-96]. For instance, neural network based sway
suppression methods can adaptively estimate dynamic parameters and system models without

relying on precise prior modeling, offering enhanced adaptability and learning capability [97].

The effective implementation of these control strategies fundamentally relies on motion
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constraint management at the lower level. By accurately modeling the geometric and me-
chanical relationships within the closed-chain structure composed of the two cranes and the
suspended load, the feasibility and safety of coordinated motion are ensured. This constraint
management prevents excessive internal forces or instability caused by uncoordinated motion,
thereby providing essential stability boundaries and feasibility conditions for upper layer con-

trol algorithms.

Currently, hybrid control frameworks that integrate the advantages of the aforementioned
strategies are emerging as the mainstream approach to enhance anti-sway performance and

operational efficiency of dual crane systems operating in complex and dynamic environments.

1.3 Structure of the Thesis and Contributions

1.3.1 Structure of the Thesis

The remainder of the thesis is organized as follows.

Chapter 2 reviews the theoretical background and methodology that underpin this work. It
summarizes the tools used throughout the thesis, including Lagrangian mechanics for modeling

closed—chain systems and the control techniques adopted later.

Chapter 3 develops the DCC system with a point-mass load. A method is proposed to
regulate the lengths of the two hoisting ropes so that the suspended load follows a predefined
path while satisfying boundedness constraints on rope velocities. The chapter first presents the
system description and modeling assumptions, followed by a detailed kinematic analysis of
the closed chain configuration. Based on the derived relationships between cable lengths and
load motion, the desired trajectories are generated in the cable space domain, ensuring feasible
motion profiles. After analyzing the direct approximate solution method and the line—search
optimization method, an adaptive velocity shaping strategy is proposed based on the direct
approximation framework. This method maintains a relatively high lifting speed under cable
velocity constraints while ensuring a smooth deceleration as the system approaches the target.
Finally, simulation results verify the effectiveness of the proposed trajectory generation method,
compared with the original method, the improved strategy achieves a significant increase in

lifting speed.

Chapter 4 investigates the cooperative hoisting dynamics of a DCC system carrying a
rigid-rod load. Compared with the point-mass case, the rigid-rod configuration introduces both
translational and rotational dynamics, resulting in a higher order and more strongly coupled
closed chain system. The chapter begins with the system description and modeling assump-
tions, followed by a detailed kinematic analysis that establishes the geometric and motion con-

straints governing the coupled motion of the two cranes and the rigid load. A complete dynamic
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model is then formulated through the Lagrangian approach, which systematically incorporates

the constraint forces acting within the closed-chain structure.

To simplify the resulting high dimensional equations, an order reduction procedure is in-
troduced to derive a lower order representation that preserves the essential dynamic features
of the system. Subsequently, the equilibrium configurations of the cranes and load are ana-
lytically derived, providing insight into feasible cooperative postures and tension distributions
under static balance. Finally, stability analyses are performed at the equilibrium points. Both
linearized and energy based methods are employed to evaluate the stability characteristics,
demonstrating that the reduced dynamic model can accurately capture the local and global

stability behavior of the cooperative hoisting system.

Chapter 5 presents the design and validation of cooperative control strategies for the
DCC system. The chapter begins by defining the control objectives and analyzing the inherent
system properties, emphasizing the need for coordinated motion and load-sway suppression

under cable velocity constraints.

In the next step, a desired velocity profile is designed to ensure smooth and bounded
motion of the cables while satisfying both geometric and dynamic feasibility. The proposed
velocity planning method guarantees that the reference trajectories are consistent with the equi-
librium conditions derived in previous chapters, enabling safe and efficient load transfer along
the predefined path.

Subsequently, a PID-based coupled error compensation control scheme is developed. This
controller coordinates the two cranes by compensating for both synchronization and load ori-
entation errors. The proposed control structure combines trajectory based reference generation
with feedback error compensation to enhance tracking precision and transient response, sup-

press oscillations, and ensure asymptotic convergence of the load position and attitude.

Finally, simulation case studies are carried out to assess the performance of the proposed
control strategy. Two representative lifting scenarios are first considered, namely a symmetric
configuration and an asymmetric configuration under horizontal hoisting tasks. The simulation
results confirm the effectiveness and robustness of the control scheme in achieving precise
coordination, vibration reduction, and stable lifting motion even under geometric asymmetry.
In addition, a third simulation case is considered, in which a combined hoisting task composed

of sequential lifting, load rotation, and final vertical positioning is simulated.

Chapter 6 concludes the thesis, summarizing the main findings and discussing the prac-
tical implications for heavy duty cooperative hoisting. It also outlines future directions such as

adaptation to dynamic environments and full 3D operational extensions.
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1.3.2 Contributions

In this thesis, contributions are presented in Chapters 3-5. The contributions are summarized

as follows:

1. Adaptive velocity shaping for time efficient cooperative hoisting. To further enhance
lifting efficiency under rope velocity constraints, an adaptive velocity shaping method is
developed as an improvement over the direct approximation approach. Instead of relying
on a predefined velocity profile, this method dynamically adjusts the motion velocity in
real time based on the instantaneous load position. By introducing a position dependent
adjustment function, the horizontal velocity of the load is continuously adapted accord-
ing to the dynamic cable factors. This adaptive mechanism guarantees full compliance
with the cable velocity constraints while maintaining a relatively high operational speed
and achieving smooth deceleration as the load approaches the target position. Simulation
results demonstrate that the proposed adaptive velocity shaping method significantly re-
duces the total lifting time compared with conventional manual on-site observation and

command operations.

2. Nonlinear dynamic modeling and constraint based order reduction for rigid-rod
loads. An accurate nonlinear dynamic model of a DCC system lifting a rigid-rod load
is developed without adopting any linearization assumptions. The proposed model fully
captures the geometric coupling and closed-chain characteristics of the system. By sys-
tematically applying motion constraints, the original tenth-order dynamic model is re-
duced to a simplified sixth-order form, with the degrees of freedom reduced from five to
three, while preserving the essential nonlinear behaviors. This reduction significantly de-
creases the complexity of subsequent controller design and provides a valuable reference

for the modeling of similar constrained mechanical systems.

3. Constraint consistent reference generation. A constraint consistent trajectory gener-
ation method is proposed, in which the desired trajectories are directly designed in the
cable length domain. By determining the load orientation at each instant through the
equilibrium equations, this approach guarantees that every trajectory point inherently

satisfies the static equilibrium and geometric constraints of the system.

4. Coupled error based cooperative control for coordinated motion and sway suppres-
sion. A PID-based coupled error compensation control strategy is proposed to achieve
coordinated motion between the DCCs while suppressing load sway during coopera-
tive hoisting. The method defines coupled error variables that simultaneously capture
synchronization deviations between the two cranes and the orientation errors of the sus-

pended load. By designing appropriate PID gains and compensation terms, the controller
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ensures asymptotic convergence of the load position and attitude to their desired trajec-
tories. The proposed control framework effectively enhances synchronization accuracy,
reduces vibration amplitudes, and guarantees smooth and stable cooperative motion un-

der both symmetric and asymmetric configurations.



Chapter 2
Theoretical Background and Methodology

This chapter introduces the theoretical foundations and control principles that support the sub-
sequent analysis of mechanical systems. It is divided into two main parts, focusing respectively

on the formulation of dynamical models and on feedback control strategies.

The first part presents the fundamental concepts of Lagrangian mechanics and demon-
strates their application through a simple pendulum example. Starting from the energy func-
tions of the system, the Euler—Lagrange equation is derived to obtain the nonlinear equation of
motion. The discussion then extends to the analysis of equilibrium and stability based on the
Lyapunov method, showing how the total mechanical energy can serve as a measure of system
stability. The geometric interpretation of constrained motion on a manifold is also introduced to
provide an intuitive understanding of constrained dynamics. Through this example, the essen-
tial ideas of energy-based modeling, constraint representation, and stability analysis are clearly

llustrated.

The second part introduces the Proportional Integral Derivative (PID) control method,
which remains one of the most widely used feedback algorithms in industrial and robotic sys-
tems. The formulation of the PID law is explained together with the roles of the proportional,
integral, and derivative actions. A temperature control example is included to illustrate how the

three terms complement each other to achieve fast, accurate, and well damped responses.

Overall, this chapter provides a complete theoretical and practical foundation for the mod-

eling and control techniques employed in the remainder of this dissertation.

The theoretical formulation of Lagrangian mechanics and its geometric interpretation are
based on the treatments presented in Hamill [98] and Fasano et al. [99]. The principles of PID

control and related tuning methods follow the discussion by Astrém et al. [100].

2.1 Lagrangian Mechanics and Stability Analysis

2.1.1 The Principle of Stationary Action

The entire framework of Lagrangian mechanics is founded on Hamilton’s principle, also known
as the principle of stationary action. It states that, among all possible trajectories connecting an

initial configuration at time ¢; and a final configuration at time ¢, the actual path followed by

16
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a physical system is the one that makes the action functional stationary, that is, the variation of

the action is zero.

The action S is defined as the time integral of the Lagrangian L:

to
s [ caana 1)
t1
where:
* ¢=[q1,q,-..,q,]" is the vector of generalized coordinates that describe the configura-
tion of the system;
* 4= [d1,qo,...,Gn)" are the corresponding generalized velocities, i.e., the time deriva-

tives of ¢;;

* L(q,q,t) is the Lagrangian of the system, typically defined as the difference between the
kinetic energy T' and the potential energy V.

According to Hamilton’s principle, the actual motion satisfies

to
5S =6 / L(q.q.t)dt =0, 2.2)

t1

for all admissible infinitesimal variations d¢; that vanish at the endpoints. Applying the calculus

of variations to Eq. (2.2) yields the Euler—Lagrange equations.

2.1.2 The Euler-Lagrange Equation and Constrained Systems

Starting from Hamilton’s principle, the equations of motion for a mechanical system can be

obtained by applying the calculus of variations to the action integral. For a system characterized

by n generalized coordinates ¢, g, . . ., g,, the resulting equations are known as the Euler—
Lagrange equations:

d (oL oL

— — =0 =1,2,...,n. 23

Generalized coordinates. A generalized coordinate is any independent variable that uniquely
defines the configuration of a system. Unlike Cartesian coordinates, which specify absolute
positions in space, generalized coordinates may represent distances, angles, or any quantities
suited to the system geometry. For example, in a pendulum, a single angular coordinate 6 can
replace the two Cartesian coordinates (z, y) because the rod length is fixed. If the system has r
degrees of freedom, one can always find r generalized coordinates ¢, . . ., ¢, that fully describe
its motion. This flexibility allows the Lagrangian approach to represent complex constrained

systems with a minimal number of variables.
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Generalized forces. When non-conservative forces (such as friction, viscous damping, or
any force that does not derive from a potential energy function) or external inputs act on the
system, they are represented by generalized forces ();, which measure the work done by those
forces corresponding to infinitesimal virtual displacements d¢;. Their definition follows from

the principle of virtual work:

oW =" Qidg;, (2.4)
=1

where 6V is the total virtual work produced by all non-conservative forces for a set of virtual
displacements d¢; consistent with the system constraints. Each @); represents the component
of the applied forces or moments that acts along the direction of the generalized coordinate g;.

Including generalized forces, the Euler—Lagrange equations take the extended form:

d (0L oL .
E(aq'i)_aqi_@’ i=1,2,...,n. 2.5)

Each term in Eq. (2.5) carries a distinct physical interpretation:
oL
g
oL
dg;

* their difference corresponds to the net generalized force acting along ¢;.

represents the generalized momentum conjugate to g;;

expresses how the system’s energy changes with configuration;

Therefore, Eq. (2.5) generalizes Newton’s second law to arbitrary coordinate systems, allowing

motion equations to be expressed in compact energy-based form.

The Lagrangian function. The Lagrangian is defined as

where 7' is the kinetic energy and V' is the potential energy of the system. The difference
T — V serves as a scalar function encapsulating both inertial and energy-storage properties.
Because L is scalar and coordinate-independent, it provides a systematic and unified way to

derive dynamic equations even for complex multi-body systems.

In many mechanical systems, not all coordinates are independent because the motion of
one part may restrict the motion of others through geometric relations or mechanical linkages.
The number of independent quantities required to completely specify the configuration of a sys-
tem is called the degree of freedom (DOF). For example, a particle moving freely in a plane has
two degrees of freedom corresponding to its coordinates (z, y), while a pendulum constrained

by a rigid rod has only one, since its position can be described by a single angular coordinate 6.



2.1. Lagrangian Mechanics and Stability Analysis 19

In general, if a system has n coordinates and & independent constraints, its number of degrees
of freedom is reduced to
r=n-—Ek, 2.7

where r denotes the total number of independent generalized coordinates.

A holonomic constraint is an algebraic equation involving the coordinates and possibly
time,
gbj(ql)qu"'aQTLat) :07 (28)

which can be integrated and expressed as a fixed relationship among the coordinates. A simple
example is the constraint 22 + y? — [?> = 0 describing the motion of a pendulum mass that must
remain at a fixed distance [ from the pivot. In contrast, a non-holonomic constraint involves the
velocities in a way that cannot be integrated into Eq. (2.8), for instance, the rolling constraint

v, = R for a wheel on a plane.

When constraints are present, the system cannot move arbitrarily in the full n-dimensional
configuration space but is restricted to an r-dimensional constraint manifold. A convenient and
elegant way to incorporate such restrictions into the equations of motion is the Lagrange mul-
tiplier method. In this approach, each constraint ¢;(g,t) = 0 introduces an auxiliary variable

Aj, known as a Lagrange multiplier. The augmented Lagrangian is written as

k
‘C*(qaéb )‘at) = ﬁ(Qant) + ZAj¢j<Qat)7 (29)

j=1

and the stationary condition S = 0 applied to L£* yields the constrained Euler—Lagrange

equations:
k

dt\oi) 04~ =" 0a (1) = 0. 2.1
dt (8%) dq; ; >\j dg; ) ¢g (C], t) 0 (2.10)

Each multiplier \; represents the constraint force associated with ¢;(g,t) = 0, acting in
the direction normal to the constraint surface and ensuring that the system’s motion remains
within the allowed manifold. Physically, these are the internal reaction forces that enforce the
geometric constraints, but they need not be explicitly computed to obtain the correct motion

equations.

The Lagrange multiplier method provides a powerful and general framework for analyzing
constrained systems. It allows the equations of motion to be derived directly from the energy
functions and constraint relations, without separately considering the geometry of the con-
straint forces. This approach elegantly unifies the treatment of constrained and unconstrained
dynamics, and is widely applicable to multibody systems, robotic manipulators, and cable-
driven mechanisms. However, for systems involving multiple geometric constraints and a large

number of coupled variables, such as the dual crawler crane system studied in this work, the
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Lagrange multiplier formulation becomes analytically cumbersome and computationally inten-
sive. In such cases, a approach based on constraint reduction is proposed in this work to handle
the complex coupling relations among system variables. This method serves as one of the

contributions of the present research and will be described in detail in the following chapters.

The Lagrangian method as a whole offers several advantages over direct Newtonian force

analysis:

1. It provides a coordinate-independent formulation: any convenient set of generalized co-

ordinates can be used without altering the physical meaning.

2. Ithandles constraints naturally through the use of Lagrange multipliers, without requiring

explicit computation of reaction forces.
3. It unifies translational and rotational dynamics within a single mathematical framework.

4. It simplifies the derivation of equations for systems with multiple degrees of freedom by

working with scalar energy functions instead of vector forces.

These properties make the Lagrangian formulation particularly powerful for modeling com-
plex mechanical systems, while the specific constraint-reduction strategy adopted in this re-
search extends its applicability to highly coupled, high-dimensional configurations such as dual

crawler cranes.

2.1.3 Lagrangian Modeling and Stability Analysis of a Simple Pendulum

To illustrate the concepts introduced in the previous sections, this subsection presents a com-
plete example based on a simple pendulum. The pendulum provides a minimal yet repre-
sentative system that exhibits holonomic constraints, reduced degrees of freedom, and clear
equilibrium and stability properties. Through this example, the essential ideas of energy-based
modeling, constraint geometry, and Lyapunov stability analysis can be understood in an intu-

itive and self-contained way.

System modeling and generalized coordinates. Consider a point mass m attached to a
massless rigid rod of fixed length [ in a uniform gravitational field g, as shown in Fig. 2.1.
The position of the mass in the plane is described by the Cartesian coordinates (z,y). Since
the distance between the mass and the pivot is constant, the motion is subject to a holonomic
constraint

d(z,y) =2 +9* -2 =0. (2.11)
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y

(x,y)

Figure 2.1: Schematic diagram of a single pendulum with a rigid rod.

A holonomic constraint is an algebraic relation among the coordinates (and possibly time)
that restricts the admissible configurations of the system. Such constraints reduce the number

of independent variables required to describe the system.

The number of independent variables that uniquely determine the configuration of a sys-
tem is called the degree of freedom. In this example, although the motion occurs in a two-
dimensional plane (n = 2), the single holonomic constraint given by Eq. (2.11) reduces the
system to one independent coordinate (r = n — k = 1). Hence, the configuration can be fully
described by a single generalized coordinate 6, defined as the angle between the rigid rod and

the vertical direction. The Cartesian coordinates of the mass are therefore expressed as
x =1[sinb, y = —lcos#.

The coordinate system is chosen such that the origin is located at the pivot point and the y-axis

is directed upward. With this convention, the pendulum bob is at its lowest point when 6 = 0
(.e.,y = —1).

The kinetic energy and potential energy of the pendulum are then given by
T = im(i*+9°) = %ml292, V =mg(y +1) = mgl(1 — cosb).

Here the potential energy expression V' = mg(y+1) corresponds to choosing the zero potential
energy level at the lowest position of the pendulum (y = —[). This choice ensures that V' > 0
for all configurations and simplifies the subsequent energy and stability analysis. Using the
generalized coordinate ¢ thus allows the system to be represented by a single variable that

automatically satisfies the geometric constraint, while the energy functions are conveniently
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defined relative to the equilibrium configuration. Thus, the Lagrangian is given by
L£O.0)=T—-V = %leQQ —mgl(1 — cosb). (2.12)

we compute

00 dt \ 96
and o7 5
20 = —%(mgl(l — cos 9)) = —myglsiné.

The Euler—Lagrange equation with generalized force ()y is

d (0L oL

“(Z) - = = Q.

dt \ 96 00
For the conservative pendulum ¢y = 0, hence

mi?0 + mglsin @ = 0. (2.13)

Assume a small viscous force acts on the bob and is proportional to its linear speed along the

arc. The bob speed is v = 10, so the damping force is
Fy=—cv= —clé,

where ¢ > 0 is the damping coefficient (units N-s/m). By the principle of virtual work, the

virtual work of nonconservative forces is
oW =Fy - or.
Here Jr is tangential, with magnitude [ 06. Thus
SW = (—clf) (160) = ( — c%0) 6.
Comparing with the definition W = Qy 66 gives the generalized force
Qo = —cl0.
Substituting ()y into the Euler—Lagrange equation yields the damped model

mi?0 + cl?6 + mglsin = 0. (2.14)

Remark. If the viscous effect is modeled instead as a torque at the pivot proportional to the

angular velocity, say 75 = —096’ (units N-m-s), then the generalized force is )y = —096’ and the
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damping term becomes cf rather than c/20. The present work adopts the linear speed model at
the bob, which leads to the factor /2.

Geometric interpretation on the constraint manifold. The motion of a constrained me-
chanical system can be viewed geometrically as the evolution of its state on a lower-dimensional
surface embedded in a higher-dimensional space. This surface is referred to as a manifold. For-
mally, a manifold is a set of points that locally resembles the Euclidean space R", where r is
the number of independent degrees of freedom of the system. In the context of mechanical sys-
tems, a manifold represents the subset of the configuration space R" that satisfies all constraint

equations, and the system’s trajectory is confined to this subset.

For the simple pendulum, the holonomic constraint 2 + > — [> = 0 defines a one-

dimensional constraint manifold
M ={(z,y) € R* | 2* +4* = I*}.

This manifold corresponds to a circle of radius [ centered at the pivot point in the two-dimensional
configuration space. Although the ambient space has two dimensions, the pendulum effectively
evolves on the one-dimensional manifold M, which can be parametrized by the single gener-

alized coordinate 6.

At any point (z,y) on M, the admissible velocity vectors (i, ¢) must satisfy the differen-
tial form of the constraint,

zx +yy = 0.

This relation defines the tangent space T\, , M, which is the set of all instantaneous directions
in which the pendulum can move while still satisfying the constraint. Geometrically, the tangent
space at (, y) is a line tangent to the circle M, and it represents the allowable motion directions

at that instant.

The acceleration of the pendulum can be decomposed into two orthogonal components: a
tangential component that determines the actual motion along M, and a normal component that
corresponds to the constraint reaction force maintaining the rod length constant. The resulting
reduced dynamics describe the evolution of the system solely along the manifold, which leads

to the intrinsic one-dimensional equation of motion
mi?0 + mglsin 6 = 0.

Hence, the pendulum dynamics can be interpreted as the evolution of a one-dimensional vector
field on the constraint manifold M. This geometric viewpoint provides an intuitive understand-
ing of how the Lagrangian formulation inherently enforces constraints, allowing the system’s

motion to be represented as trajectories on a manifold of admissible configurations.
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Equilibrium points and Lyapunov stability. A state of equilibrium is a configuration in
which all generalized coordinates and velocities remain constant, that is, 0 =6 = 0. From

Eq. (2.14), this condition is satisfied when sin § = 0, leading to two equilibrium points:

» =0 (downward equilibrium), 0% = m (upright equilibrium).

In general, an equilibrium point of a dynamical system is said to be stable if any small
disturbance in its state produces only small deviations in motion, and the state remains in the
neighborhood of the equilibrium. If, in addition, the system state eventually returns to the
equilibrium as time tends to infinity, the equilibrium is said to be asymptotically stable. Con-
versely, if small perturbations grow with time and cause the system to diverge, the equilibrium

18 unstable.

The Lyapunov stability theory provides a general and intuitive framework for assessing the
stability of nonlinear systems without solving their trajectories explicitly. The main idea is to
find a scalar function V' (), called a Lyapunov function, which behaves like an energy measure
of the system: it is positive around the equilibrium and decreases along system trajectories. If
such a function exists, the equilibrium is stable; if it decreases strictly with time, the equilibrium

is asymptotically stable.

For the pendulum, a natural Lyapunov candidate is the total mechanical energy,
E@0,0)=T+V = %ml292 + mgl(1 — cosf). (2.15)
Differentiating Eq. (2.15) along the trajectories of Eq. (2.14) yields
E = ml?00 + mgl sin 00 = —cl?0*> < 0. (2.16)

The function E(0, 9) is positive definite around the equilibrium 6 = 0 (it vanishes only at
this point), and its time derivative E is negative semi-definite, meaning that energy can only
decrease or remain constant. Hence, the total mechanical energy plays the role of a Lyapunov

function for the damped pendulum.

LaSalle’s invariance principle. When F is negative semi-definite rather than strictly neg-
ative, LaSalle’s invariance principle provides a stronger conclusion. It states that the system
trajectories asymptotically converge to the largest invariant subset of the region where E=0.
For the pendulum, E =0 implies 6 = 0, and substituting into Eq. (2.14) gives sinf = 0.
Therefore, the invariant set consists of the two equilibrium points (6,6) = (0,0) and (7, 0).
Among them, the downward equilibrium (6,6) = (0,0) corresponds to the minimum of the
potential energy, so it is asymptotically stable; the upright equilibrium (7, 0) corresponds to

the potential energy maximum and is unstable.
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Physically, damping continuously dissipates mechanical energy, causing the pendulum to
lose kinetic energy until it comes to rest at the lowest potential point. The Lyapunov approach
provides a rigorous mathematical framework to formalize this intuitive behavior: stability is

guaranteed by the monotonic decrease of a suitable energy-like function.

This example demonstrates how a holonomic constraint reduces the degrees of freedom of
a system and confines its motion to a lower-dimensional manifold. The Lagrangian formulation
automatically incorporates the constraint through the choice of generalized coordinates, and
the resulting energy function provides a natural Lyapunov candidate for assessing stability.
The same geometric and energy-based reasoning will be extended in subsequent chapters to
address the modeling and stability analysis of more complex constrained systems, such as the

dual crawler crane under cooperative hoisting.

2.2 PID Control

The Proportional Integral Derivative (PID) controller is among the most extensively used feed-
back control strategies in industrial and robotic applications. Its appeal lies in its simplicity,
intuitive tuning procedure, and reliable performance for a wide variety of linear and mildly
nonlinear systems. Despite being developed nearly a century ago, the PID controller remains a
cornerstone of modern automation because it encapsulates the essential principles of feedback
regulation: reacting to present deviations, compensating for accumulated errors, and anticipat-

ing future trends.

2.2.1 Fundamental Formulation

Let the set point be S P(t) and the process variable be PV (t). The control objective is to min-
imize the error e(t) = SP(t) — PV (t), which represents the instantaneous deviation between
the desired and measured outputs. The PID algorithm computes the control input u(t) as a
weighted combination of three terms that respectively respond to the present, past, and rate of

change of the error:
! de(t)
u(t) = Kpe(t) + K; | e(r)dr + K4 o (2.17)
0

The three gains K, K;, and K, are respectively the proportional, integral, and derivative coef-

ficients that determine the contribution of each component to the control signal.

The proportional term responds immediately to the current error, the integral term corrects
for persistent bias by accounting for accumulated error over time, and the derivative term in-
troduces a predictive damping effect based on how fast the error is changing. Together, these

actions enable the controller to achieve fast response, small steady state error, and good damp-



2.2. PID Control 26

ing of oscillations. In the Laplace domain, Eq. (2.17) corresponds to the transfer function
K
Ge(s) = Kp+ — + Kgs, (2.18)
s

which is the classical parallel form of the PID controller.

In real applications, ideal differentiation is not physically realizable and tends to amplify
measurement noise. To mitigate this, the derivative term is often implemented as a low-pass

filtered form:
s

K
G(s)=K,+ —+ Ky ———, 2.19

(s) T C ras + 1 2.19)
where 74 is a small derivative filter constant. This modification retains the damping benefit of

the derivative term while reducing sensitivity to high-frequency noise.

Each component of the PID law performs a distinct role in shaping the closed-loop re-

sponse.

Proportional Term (P): K ¢(t)

The proportional term provides an immediate corrective action proportional to the current error.
It represents the most intuitive form of feedback: when the system deviates from the desired

value, the controller generates a correction of corresponding magnitude.

* Effect: Increasing K, decreases rise time and reduces steady-state error, but excessive

K, can cause overshoot, oscillations, or even instability.

* Physical Analogy: Steering a car back to the center of a lane if you are far from the
center, you steer sharply; if close, you steer gently. A very large K, is like overreacting

to small deviations, causing the car to weave.

Integral Term (I): K; fot e(T)dr

The integral term accounts for the accumulation of past errors. It ensures that even small,
steady discrepancies between the set point and the process variable are eliminated over time.
By integrating the error, the controller develops a memory of past deviations and continuously

increases the control effort until the steady-state error is zero.

 Effect: The integral action eliminates steady-state error but can slow down the transient
response and increase overshoot if /; is too large. When actuators saturate, the inte-
gral term may continue to grow even though the output cannot respond—a phenomenon
known as integral windup. This effect is mitigated by techniques such as conditional

integration or integral clamping.
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* Physical Analogy: If a car consistently drifts slightly to the right, you gradually apply
a constant left correction to remove the accumulated offset. The longer the deviation

persists, the stronger the correction becomes.

Derivative Term (D): K%

The derivative term predicts the future trend of the error by reacting to its rate of change. It

introduces a damping effect that smooths the control action and helps prevent overshoot.

» Effect: Derivative control reduces overshoot and oscillations, improving the transient
response and stability margin. However, because it amplifies noise, the derivative term is

typically filtered using the form in Eq. (2.19).

* Physical Analogy: As you steer a car back toward the center, you anticipate your ap-
proach speed. If you are turning quickly, you begin to relax the steering before reaching

the center to avoid overshooting.

2.2.2 Practical Implementation and Tuning

In digital controllers, the continuous PID law is discretized for computation at each sampling

instant 7. The discrete positional form is

e(k) — e(k — 1)
T, ’

u(k) = Kye(k +KTZ )+ Ky S (2.20)

where k denotes the discrete time index. The derivative term is often replaced by a first-order

filtered difference to attenuate noise.

When the actuator output is limited, the integral term may accumulate excessively, caus-
ing a large overshoot once the saturation is released. This phenomenon is known as integral
windup. To prevent it, various anti-windup schemes are employed, such as halting the in-
tegration when the control input reaches its limit or feeding back the saturation error to the

integrator.

Determining appropriate values for (K, K;, K ), known as funing, is crucial for achieving

the desired trade-off between speed and robustness.

* Manual tuning: Adjusting gains iteratively while observing the step response, leveraging

an understanding of how each term affects performance.

* Ziegler Nichols methods: Based on the process reaction curve or the ultimate gain and
oscillation period. These methods provide empirical tuning rules that achieve a quarter-

decay response for many industrial plants.
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* Cohen Coon method: An open-loop procedure that estimates gains from a first-order
plus dead time approximation of the process. These classical heuristics are effective for
well-behaved, moderately lag-dominant systems, but they may yield aggressive gains for

non-minimum-phase or highly coupled processes.

Example: Temperature Control System

Consider a precision oven where the temperature must be maintained at 150°C with an accuracy
of +£0.5°C. A thermocouple measures the internal temperature PV (¢), and the PID controller

adjusts the electrical power applied to the heating element.

* Proportional Action: When the temperature drops to 149°C (e = 1°C), the proportional
term immediately increases heater power by an amount proportional to the deviation. For

instance, with K, = 50, the control effort increases by 50% of the rated power.

* Integral Action: If heat loss causes a small offset of 0.1°C to persist, the integral term will
continue to accumulate until this steady-state error is removed. Anti-windup protection

ensures that the control signal does not exceed the actuator limit.

* Derivative Action: If the temperature is rising rapidly (e.g., 2°C/s), the derivative term re-
duces the power preemptively to prevent overshoot, analogous to damping in mechanical

systems.

This example illustrates how the three terms complement each other: proportional control pro-
vides responsiveness, integral control ensures accuracy, and derivative control adds damping

for smooth convergence.



Chapter 3

Dual crawler crane system with poin-mass
load

3.1 System Description and Assumptions

In dual crawler crane hoisting systems, the lifted loads vary widely in type and exhibit signifi-
cant differences in shape and geometry. Depending on the physical characteristics of the lifted
object, different modeling approaches can be adopted. When the load size is relatively small
compared to the crane span, it can be reasonably approximated as a poin-mass. This simplifica-
tion allows for clearer analytical derivation and provides fundamental insights into the system’s

kinematic and dynamic behavior.

In practical applications, the loads lifted by dual crane systems are typically characterized
by large mass. In this study, the cooperative hoisting process involving DCCs is analyzed under
the following simplifying assumptions, which are commonly adopted in similar crane related

studies:

Assumption 3.1 All crane motions are confined to a two-dimensional plane, and the entire

system is modeled within this planar framework.

Assumption 3.2 The load has a significant mass, ensuring that the cables remain taut at all

times while cable elasticity is neglected.

A sketch of the two cooperating crawler cranes in the vertical x — y plane is shown in Fig. 3.1,

whose variables and parameters are defined in Table 3.1.

Table 3.1: Variables and parameters.

Symbols Meanings Units
Ly, Lo rope length m
(z,9) coordinates of the load m
(X1,Y1), (X3,Y2) coordinates of the boom anchor m
D distance between two cranes m

It should be noted that in this and the following chapter, the notation used to represent

the cable lengths is identical to that of the boom anchor point coordinates. Moreover, in the

29
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Figure 3.1: Schematic representation of DCCs with poin-mass.

rigid-rod model, the coordinates of the load’s center are considered equivalent to the position
coordinates of the point-mass load. The admissible load positions within the workspace are
determined by the presence of tension in both cables, so that both cranes are carrying part of

the load. This region is visually depicted as the shaded area in Fig. 3.1 and it is analytically
described as follows:

{X1<x<X2, A

0 <y < min(Yy,Ys).

In this study, prior to the hoisting operation, the DCCs are positioned according to the spe-
cific requirements of the lifting task. Once properly aligned, their positions remain fixed, and
thus the distance D between the cranes is considered constant. Similarly, the boom angles are
adjusted before the operation begins. Since the focus of this work is on the cooperative lifting
of larg tonnage loads, and in accordance with industrial practice and safety considerations, the
boom angles are assumed to remain unchanged throughout the entire hoisting process. Conse-
quently, the boom anchor points (X7, Y7) and (X5, Y5) are treated as fixed.

3.2 Kinematic Analysis

Cable lengths are the Euclidean distances from the anchors to the load

Li= /(@ = X2+ (=) (3.2)

L= /(e = X2l + (y = Va)% (3:3)
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the cable lengths are uniquely determined by the configuration (x,y,y). We therefore define

the inverse kinematics mapping
fL1,2 : ($7y77) € R2 = (L1>L2) € RQa

compactly written as
(L17 LZ) = le,z(xay)a (34)

with the component-wise formulas provided in Eq. (3.2 — 3.3).

Eq. (3.2 — 3.3) describes two circles whose centers are the boom anchors, as shown in
Fig. 3.1 with a dashed blue line. When the cable lengths L, and L, are given, the coordinate
(x,y)of the load can be calculated as follows. From Fig. 3.1 it can be seen that Eq. (3.2 —
3.3) has two different (x,y) solutions (the two intersection points of the circles). Clearly, the
physically meaningful solution for a load subject to gravity is the one with minimal value of
y. Squaring Eq. (3.2 — 3.3) and subtracting each other the resulting relations one deduces the

following

(- XP VP XEAYR) -2 (- V) )
2(Xs — X3) ' '

Substituting Eq. (3.5) into Eq. (3.2) one obtains the second order algebraic equation

ay +by+c=0 (3.6)

whose coefficients are

(.= (Y2 = Y1)* + (X2 — X1)°
(X2 — X)°
2(Ya— Y1) Xo
b — = =925 (X, — X)) —
XQ—Xl 2( 2 1)
(Yo =Y) (L] - L3 — X7 - Y2 + X5 +Y7)
2
o WB XX ey g,
4(X2—X1)
XN(R-B-XP -V XEYD)
X, — X 2




3.3. Hoisting of Point-Mass Load under Cable Velocity Constraints 32

Among the two solutions of Eq. (3.6), the smallest one is clearly

—b—Vb? —dac
y=— (338)

Introducing the additional parameter

e G (R R 49)
- 2(X; — X)) ‘

and inserting Eq. (3.8) into Eq. (3.5) one obtains the = coordinate of the load as follows:

- (b+ Vb — dac) (Yo — Y1)
T=r+ 20 (X, — X)) (3.10)

From the geometric relations in Eq. (3.8) and Eq. (3.10), the load coordinates are uniquely

determined by the cable lengths L, L,. We therefore define the forward kinematics mapping
fx,y : <L17L2) € RQ = ('r’y) € RQ,

compactly written as
(2, Y) = fay(L1, La), (3.11)

with the component wise formulas provided in Eq. (3.8) and Eq. (3.10).

Through the kinematic analysis of the point-mass load, the relationship between the load
coordinates and the cable lengths has been clearly established. This analysis provides the foun-

dation for the subsequent design of the lifting trajectory.

3.3 Hoisting of Point-Mass Load under Cable Velocity Con-

straints

In practical crane operations, the cable velocity is subject to physical and safety limitations im-
posed by the drive system and the mechanical structure. To ensure smooth and stable motion of
the lifted load, these velocity constraints must be explicitly considered during trajectory plan-
ning. In this section, the lifting task of a point-mass load is studied under cable velocity con-
straints. Starting from the kinematic relations established in the previous analysis, the desired
motion trajectories and corresponding velocity profiles are designed to satisfy the prescribed
limitations. Subsequently, the dynamic equations of the system are derived and analyzed to ver-
ify the feasibility of the obtained motion. This section thus provides a fundamental reference
for extending the approach to more complex cases, such as the rigid-rod load model discussed
in Chapter 4.
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3.3.1 Trajectory and Velocity Profile Design

y

(X29Y2)

(X 1 ’Y 1)
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QoD Py(xo, ¥o) D@D x

Figure 3.2: Desired trajectory of the load.

In the lifting operation of two crawler cranes, the position of the load can be controlled by
changing the length of the two cables. We assume the desired trajectory of the load is given as
a parabolic curve as shown in Fig. 3.2. Here Py = (x0, y) denotes the initial position of the

load and Py = (x ¢, ys) the final position. Such a trajectory can be described by:
Y= k(x—$3)2+ys, for x € [xg, ] (3.12)

where k£ < 0 is a negative coefficient and (x, ys) is the vertex of the parabola which in this

case denotes the maximum value of the quadratic function.

To move the load along the desired trajectory, we impose a trapezoidal velocity profile
v, (t) = dx(t)/dt along the x-axis shown in Fig. 3.3 on the left and described by

at t €[0,t4]
v(t) =< V t € [ta,ty]
a(T—1)  t€tyT] (3.13)
|4 Vv
with t,=— and ¢, =T — —.
(6% (0

In the first phase (acceleration) the velocity increases with a constant slope « until a cruis-
ing velocity V' is reached at time ¢,. In the second phase (cruising) the velocity remains con-
stant until a time ?; is reached. Finally, in the third phase (deceleration) velocity decreases with

slope —a, thus reaching the desired final position x ;. The total hoisting time is denoted 7". This
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Figure 3.3: Desired velocity profile v, (t) as a function of time ¢ for a given acceleration «v. The
limit case on the right corresponds to the minimum time hoisting assuming no bounds on the
rope length velocities are given.

velocity profile imposes the following evolution of the load along the z-axis:

(2o + %tQ te0,t,]
V2
z(t) =< x9— 7t Vit t € [t ty] (3.14)
\ l’f—%(T—t)Z tE[tb,T]

whereas the evolution y/(t) along the y-axis can be immediately obtained by substituting Eq. (3.14)
in Eq. (3.12).
Note that: 2 V2

e = 2(ty) = xo + o T = x(ty) = xy — o0

while in the cruising phase (constant velocity) it holds that x;, — z, = V' (¢, — t,) which implies

(3.15)

Ty —Tq Tp—x9 V
ty —ty, = = - —, 3.16
b v v - (3.16)

from which we obtain

Vo xp—x9

T:ta+(tb_ta>+(T_tb>:E+ 7 (3.17)

Assuming the parameter « is given, the previous equation allows one to write the hoisting time
as a function of the constant cruising velocity V', keeping in mind that the admissible values of
V' are those that satisfy ¢, — t, > 0, i.e., according to Eq. (3.16):

def

V < Vinae = \/a(xf — x0). (3.18)

In the admissible range of cruising velocities V' € (0, V},,4.], the hoisting time is always
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0

Figure 3.4: Hoisting time 7" as a function of the constant cruising velocity V.

decreasing, as shown in Fig. 3.4. As expected, the minimum time 7,,;, = 2/(zy — o)/
corresponds to the velocity profile described by the plot in the right of Fig. 3.3, which reaches

the maximum velocity V},,4..

In reality, such a minimum time profile may not be admissible because there are also
constraints on the rate of change of the rope length that must be satisfied. To take this into
account, let us first compute the rope length derivatives, L1 (¢) and Lo (t). From Eq. (3.2) one

obtains

: d 0 0 0 d
Ly(t) = =Li(t) = | =L1+ =—L1-—y | ==t 3.19
(0= 500 = (b + oL 5y) a0 319
which also taking into account Eq. (3.12) yields
. - X 2 — — Y]
papy = B X FUE@ )Y (3.20)
Vi@ — X0+ (y - 1)?
similarly, from Eq. (3.3) one obtains
. - X 2 — - Y
fory = W= X H U m2) = Y) | (3.21)
Vo — X0 + (y — Vo)’
The rope derivatives must satisfy for all ¢ € [0, T'] constraints
‘Ll(t)‘ S le,maa; and ’LQ(t)’ S LZd,maaz (322)

where Lj4maz and Log mq, are suitable bounds that depend on the cranes.
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3.3.2 Dynamic Solution

We can finally state the problem we want to address.

Problem 1 (Minimum time hoist)

_ Vo xp—x9
T=—
II%}H a + v
S.t. (a) Ve [O; Vmaw]

®) |[Li()

LQ(t)‘ < Logmas, ¥t €[0,T]

S le,maxv Vi € [07 T]

(©
under Eq. (3.12), (3.13), (3.14).

As we have observed, in the solution space 7'(V) is decreasing, hence the optimal value of
the decision variable V'* is the maximum value of the cruising velocity that satisfies constraint
(), (b) and ().

To solve this problem we consider two approaches.
1) Direct approximate solution

Let us consider constraints (b) and (c) which according to Eq. (3.20 - 3.21) can be rewritten

and manipulated, for : = 1, 2, as follows:

Li(t)] = @) [02(8)] < lmast(®) < limasV (3.23)

where [ ymar = MaXye(z, 2, |li(7)| only depends on the desired trajectory in Eq. (3.12) and not

on the velocity profile. Thus constraints (b) and (c) are satisfied when

L max L max
Vo< Zldmarand Vo< 222 (3.24)

Y

ll,mam l2,maz

and a direct approximate, although possibly suboptimal, solution of Problem 1 is

V = min (Vm Lramas. LQd’m‘”) . (3.25)

ll,maz l2,ma:p

This procedure is outlined in the next Algorithm 1.
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Algorithm 1: Direct Approximate Solution for Minimum-Time Hoisting

Input: Initial and final positions (2o, yo), (zf,yy); trajectory parameters k, =, ys;
crane geometry (X, Y;),7 = 1, 2; max cable speeds L14 max; L2d,max; acceleration cv.
Output: Approximate cruising velocity V' and total hoisting time 7'.

Compute Viyax < v/ a(xr — 9) ;

for each x in [xg, x| do

Compute y(z) « k(z — z4)* + ys ;
for:=1,2do
Compute:
() = (x — X;) + 2k(z — x0)(y — V)
Z V(e =X+ (y - Vi)
CZ)mpute
lmex = max [l1(x)], lomax = max |la(z)]
xz€[xo,2 ] x€[r0,2 7]
Estimate:

le max L2d max
‘/1 — : ) ‘/2 7

ll,max l2,max

if V| > 0 and V5 > 0 then
Set V' <+ min(Vipax, V1, V2) ;
Compute:
Vo xp—x9
T+ —+——
Q@ - V=
else
L Report: No admissible velocity found ;
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2) Line search optimization

Given a specific value of V, the corresponding velocity profile v,.(¢) and the position trajectories
x(t) and y(t) for t € [0,7] can be computed from Eq. (3.12 - 3.14). By substituting these
trajectories into Eq. (3.20 - 3.21), the time histories of the cable velocity profiles Ll(t) and
Lg(t) are obtained. These profiles allow a direct verification of whether the cable velocity

constraints (b) and (c¢) are satisfied at each time instant.

The procedure begins with an initial maximum velocity V' = V/,.., which represents the
upper bound of the admissible motion speed. The algorithm then iteratively reduces V' in
uniform or adaptive steps of a suitable size, recalculating the corresponding trajectories and
cable velocities at each iteration. At every step, the algorithm checks whether constraints (b)

and (c) are satisfied throughout the entire motion duration ¢ € [0, .

Once both constraints are fulfilled, the corresponding velocity V* and the associated total
motion time 7™ are recorded as the optimal solution. This iterative line search optimization
method thus ensures convergence toward the minimum feasible duration of motion under the
given kinematic and cable-velocity constraints. The precision of the obtained optimal pair
(T, V*) can be controlled by the choice of the step size and termination tolerance, offering a
balance between computational efficiency and accuracy. This procedure is outlined in the next
Algorithm 2.

3.4 Simulation and Analysis

To assess and compare the two methods, simulations are performed on the following dual-crane

hoisting case study. The boom anchor points of the two cranes are set to the following values

X, =15m, Y, =60m,
Xo =50m, Y;=65m, D =80m.

The maximal allowed cable velocity values are taken the same for both cranes, i.e.

le,mam = L2d,max = 02m/5 (326)

The box needs to be lifted from the ground yy = Om to a height of y; = 40m for installa-

tion and then released downward. Therefore, the following parameters are set for the parabolic
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Algorithm 2: Line Search Optimization for Minimum-Time Hoisting

Input: Initial and final positions (zo, Yo), (¥ f,yy); trajectory parameters k, =, ys;
boom anchor (X;,Y;), i=1,2; max cable speeds L4 max, L2dmax; acceleration a.

Output: Optimal cruising velocity V' * and total hoisting time 7.

Compute Vipax < v/a(zr — 20) ;

for each V' in decreasing order from V., to 0.001 do

to —V/ia, T« V/ia+(xp—x0)/V, t,+T—-V/a;

for each t in [0,7T] do

Compute z(t) via:

(20 + Lat?, t<t,
zt) =S o - L 4+ Vt, t,<t<t

(7p — 5T —t)?, t>1

y(t) < k(z —20)® +yo,  v(t) < &(t) ;
fori:=1,2do
Compute:

(z = Xi) + 2k(x — z0)(y — Vi)

M= X -

-0, (t)

if ’Ll(t)| > le,max or |L2(t)| > L2d,max then
L break (constraints violated) ;

if no violations occurred for all t then
VeV, Tr<T,;
| break (optimal found) ;
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Figure 3.5: Desired load path.

load lifting trajectory in Eq. (3.12)

xo = 20m, x;=40m,
rs = 3bm, ys = 45m,
k= —0.2.

The desired load trajectory is displayed in Fig. 3.5. The acceleration/deceleration param-
eter of the chosen horizontal load velocity Eq. (3.14) is set as o = 0.5m/s®. According to

Eq. (3.18), this yields the maximal allowed cruising velocity
Vinaz = 3.1623m/s. (3.27)

According to Eq. (3.17), setting V' = V,,,,, would yield a total travel time 7" = 12.64s and the
load coordinates vs. time displayed in Fig. 3.6. The resulting rope lengths and rope velocities
are displayed in Fig. 3.7, and both L, (t) and L (t) turn out to heavily violate the admissible
bounds in Eq. (3.22).

Let us then apply the two methods previously outlined to compute the largest possible

value of V' which makes the constraints Eq. (3.22) satisfied.

Functions [;(x) and [(x) are displayed in Fig. 3.8. The bounds [y ;. = 5.913 and
l2,maz = 5.838 are found at the initial position. Evaluating V' according to Eq. (3.25) yields

V' =0.0338m/s (3.28)
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Figure 3.6: Actual load path with V' = V...
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Figure 3.7: Rope velocities (up) and rope lengths (down) with V' = V...
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A Functions /;(z) and l3(z)

lla ZQ

Figure 3.8: Functions /;(z) and l5(x) with V' = 0.0338m/s.

Fig. 3.9 shows the horizontal velocity of the load along the time and x-axis. The travel
time is 7' = 591.43 s, as can be seen from Fig. 3.10 and Fig. 3.11 which display the time evolu-
tion of the load coordinates and of the cable lengths along with the corresponding derivatives.
As observed in Fig. 3.11, the rope attains its maximum velocity after a very short transient.
The value =, = z(t,) = 20.0008 can be obtained based on Eq. (3.15), and it turns out to be
very close to the initial position. It can be seen constraints Eq. (3.22) are actually fulfilled
along the entire travel of the load. Since the constant cruising velocity V' is reached at a po-
sition x, very close to the initial position where |l1(x)| is maximal, the iterative line search
optimization procedure gives a result that is almost coincident with that in Eq. (3.28), which
V* = 0.0338m/s*, T* = 591.14s, meaning that the direct approximate solution is almost
optimal in this example.
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Figure 3.9: Horizontal load velocity v, vs. time (up) and vs. position x (down) with V' =
0.0338m/s.
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Figure 3.10: Actual load path with V' = 0.0338m/s.

However, a closer inspection of Fig. 3.9 reveals that although the load velocity becomes
very small when reaching the final position (x ¢, ys), it does not exactly reach zero. To ensure

that the load velocity is also zero upon arrival at the target position, an improved version of the
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Figure 3.11: Rope velocities (up) and rope lengths (down) with V' = 0.0338m/s.

above method is considered. According to the direct approximate solution above, now it does
not longer consider a pre-specified V,,,, velocity profile, but it instead changes the velocity

value dynamically, the following equation is introduced

. le max L2d maa;)
Vi(z) = A(z) min — . 3.29
)= oy . s .29
where
1, x € [zg, xp — 0],
A(z) = 3.30
S TNV e ap . (3:30)
5 , X € lrp—9, x4
with
)= rr— %o (3.31)

Dy
the parameter D; is assigned a suitable positive value based on the difference between x ¢ and

Zg-.

In this approach, the velocity profile is not pre-assigned (as in Methods 1 and 2), but
instead computed adaptively along the trajectory based on the instantaneous values of the rope

functions /4 (x) and l5(z). Atevery load position x € [z, z ], the rope speed constraints

|L1(2)| < Ligmaxs  |[L2(2)] < Lodmax, (3.32)
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must be satisfied. By the chain rule, these constraints imply:
|Li(2)] = [L(@)] - Va(@) < Ligma, = 1,2 (3.33)

Solving for V,,(z), we obtain the maximum admissible velocity at each z

. le max L2d max >
V() < min ( — : . (3.34)
(@) L) Tao)

To enforce a smooth stop of the load at the final position zf, the velocity profile is shaped
using a modulation function Eq. (3.30). This ensures that V,(x) gradually decreases to zero
near z s, guaranteeing a smooth and physically feasible stop without violating the rope velocity
limits. The complete velocity profile is integrated forward starting from x = 1z, to obtain
the load position, velocity, and rope length trajectories. This procedure is outlined in the next
Algorithm 3.

Algorithm 3: Adaptive Velocity Shaping for Minimum-Time Hoisting

Input: Initial and final positions (x¢, yo), (*f, ys); trajectory parameters k, T, Ys;
boom anchor (X;,Y;), i=1,2; max cable speeds L4 max; L2dmax; Df; Maximum
Evolution time T},,x.

Output: Velocity V,.(¢), arrival time 7,

Initialize: x < xq, V, < 0;

Ly — %o,

Dy

Define shaping function:

Compute § <+

1, T € [xg, x5 — 0]

Ax) =
\/52 — (x—a:f+5)2
5 5

T € [xf—0, vy

while v < x; and t < T}, do

Yy k(z —20)* + 9o

Compute:

(x — X)) + 2k(z — x0)(y — ;)
V(e = Xi)? + (y - Y))?

Compute local maximum velocity:

fore=1,2

L L
Vz « A([L') . min < ld,max7 2d,max)
()] [la(2))]

Compute:

Li /(v — X;)2+ (y — Y;)? fori=1,2

t < T
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A Functions /1 (x) and ls(z) vs Load Horizontal Position x
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Figure 3.12: Functions /;(x) and [5(z) with T, = 269.7s.

To verify the effectiveness of the adaptive velocity shaping method, the previous case study
is simulated again while keeping all parameter settings and the lifting trajectory unchanged.

The system evolution time 7,,,,, = 280s.

Functions [ (z) and l5(z) are displayed in Fig. 3.12. Since the desired load trajectory
remains unchanged, the functions /;(z) and l5(x) are identical to those in the previous case.
Fig. 3.13 shows the velocity of the load along the x-axis and time, it can be observed that the
velocity becomes zero when the load reaches the final position, and that the motion consists
only of an acceleration phase followed by a deceleration phase, without any constant-velocity
interval. The travel time is 7,, = 269.7s, as can be seen from Fig. 3.14 and Fig. 3.15 which
display the time evolution of the load coordinates and of the cable lengths along with the cor-
responding derivatives. As observed in Fig. 3.15, the rope attains its maximum velocity after a
very short transient. It can be seen that the constraints in Eq. (3.22) are fully satisfied through-
out the entire motion of the load, and that L; and L, remain close to their maximum allowable
cable velocities for most of the operation time. This demonstrates that the adaptive velocity
shaping method significantly reduces the lifting duration compared with Method 1 and Method
2.
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Figure 3.14: Actual load path with 7, = 269.7s.
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Figure 3.15: Rope velocities (up) and rope lengths (down) with 7, = 269.7s.

This chapter investigates the cooperative hoisting of a point-mass load by a dual crawler
crane system under cable velocity constraints, aiming to achieve minimum-time lifting along a
predefined trajectory. The study begins with a kinematic analysis of the point-mass load system,
through which the relationship between the cable lengths and the load position is derived. Based
on this kinematic relation, desired motion trajectories and corresponding velocity profiles are
designed to enable the load to complete the lifting task as quickly as possible while strictly

satisfying the cable velocity limits.

To achieve this objective, a direct approximation method is first proposed. This approach is
analytically derived and provides a conservative estimate of the cruising velocity by considering
the minimum feasible speed imposed by the cable velocity constraints. By computing the
maximum values of the cable dynamic factors /;(x) and l5(z) along the path, a maximum
admissible cruising velocity V' that satisfies the constraints can be obtained. The advantage
of this method lies in its simplicity, closed-form solution, and guaranteed compliance with the
velocity limits. However, this approach is conservative, as it does not account for whether the
worst-case condition actually occurs along the trajectory, which may lead to an underestimation

of the system’s performance.

To improve accuracy, a line search optimization method is also developed. Starting from
the maximum cruising velocity defined by a trapezoidal velocity profile, the algorithm iter-
atively reduces the cruising speed with an appropriate step size until the cable velocity con-
straints are fully satisfied. This method provides a higher level of precision and can approxi-



3.4. Simulation and Analysis 49

mate the optimal solution, though at the expense of increased computational cost.

Both methods are tested on the same case study, and the simulation results show nearly
identical outcomes. This indicates that, in the considered case, the direct approximation method
yields an almost optimal solution. Nevertheless, at the optimal cruising velocity, the load still
retains a very small residual velocity when reaching the final position. To address this issue
and further reduce the lifting time, an Adaptive Velocity Shaping method is proposed as an
enhancement of the direct approximation approach. This method abandons the use of a pre-
defined velocity profile and instead employs a dynamic velocity adjustment strategy based on
real-time position information. By introducing a position dependent adjustment function, the
load velocity along the x-axis is continuously adapted according to the instantaneous values
of the cable dynamic factors /() and l5(z). This ensures that the cable velocity constraints
are always satisfied while maintaining a relatively high motion speed and enabling a smooth
deceleration as the load approaches the target position. Simulation results for the same case
confirm that, compared with the previous methods, the Adaptive Velocity Shaping approach

substantially reduces the total lifting time.



Chapter 4

Dual crawler crane system with rigid-rod
load

4.1 System Description and Assumptions

In Chapter 3, a dual crane system with a point-mass load is constructed. In this scenario, the
load’s small volume allows it to be approximated as a point-mass. However, in practical engi-
neering applications, the loads lifted by dual crane systems are typically characterized by large
mass and volume. This is common in industries such as chemical processing, construction,
and energy. As illustrated in Fig. 4.1, dual cranes are commonly employed for installing large
structures such as chemical reaction towers and architectural components. These loads typi-
cally have considerable length, and therefore cannot be modeled as point-mass; instead, their
attitude variations during the hoisting process must be taken into account. For this type of load,

previous studies have generally modeled it as a rigid-rod.

(a) Reactor tower (b) Architectural components

Figure 4.1: Cooperative hoisting of reactor tower (left) and architectural components (right)
with DCCs.

From a theoretical modeling perspective, the rigid-rod representation adopted in this chap-
ter can be regarded as a natural extension of the point-mass model introduced in Chapter 3. In
the point-mass formulation, the load orientation is implicitly neglected, and the system dynam-
ics are fully described by the translational motion of the load center. This modeling choice is
appropriate when the load dimensions are small compared to the crane span or when attitude
variations are negligible. By contrast, the rigid-rod model explicitly introduces the load orien-
tation as an additional generalized coordinate, allowing attitude dynamics to be captured during

cooperative hoisting. It is worth noting that the point-mass model can be recovered as a special

50
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case of the rigid-rod model when the load length tends to zero or when the orientation is con-
strained to remain constant. Therefore, the two models are not conceptually disconnected, but
rather represent different levels of abstraction within a unified modeling framework. The moti-
vation for introducing the more detailed rigid-rod model in this chapter is to address installation
scenarios in which load orientation plays a critical role, such as the lifting and positioning of
elongated industrial components. In these cases, neglecting attitude dynamics may lead to inac-
curate predictions of system behavior and insufficient control performance, thereby justifying

the increased modeling complexity.

In this study, the cooperative hoisting process involving two cranes is analyzed under
the following simplifying assumptions, which are commonly adopted in similar crane related
studies. Meanwhile, Assumptions 3.1 and 3.2 presented in Chapter 2 are also applicable to this
chapter.

Assumption 4.1 The load is modeled as a rigid rod whose deformation under external forces
is negligible. In other words, it is assumed to undergo neither bending nor elongation during

the hoisting process.

A sketch of the two cooperating crawler cranes in the vertical x — y plane is shown in Fig. 4.2,

whose variables and parameters are defined in Table 4.1.

y
(X23Y2)
(XY
Q)
aN\ L, LE
D
« 2d_/p, (x,,,)
Py (x1, y 1)(&)’)
Crane 1 Crane 2
N4@s D (@[] X

Figure 4.2: Schematic representation of DCCs with rigid-rod load.

Let (X1,Y7) and (X5, Y5) be the coordinates of fixed boom anchor points. The load is a
rigi-rod of total length 2d > 0, with center at (z, y) and attitude  (measured from the x-axis,
positive counterclockwise). Note that positive sense of angle o is defined counterclockwise,
whereas for angle s it is defined clockwise. In this study, the primary focus is on the variations
in the load’s position and orientation during motion. The two endpoints of the load, denoted

as P, and P,, are connected to the ends of the two hoisting cables. To accurately describe the
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Table 4.1: Variables and parameters.

Symbols Meanings Units
Ly, Lo rope length m
aq, Qg cable angles with the vertical direction  rad
5y load angle with the horizontal direction rad
(z,9) coordinates of the load center m
(X1,Y1), (X2,Y2) coordinates of the boom anchor m
(x1,91), (x2,y2)  coordinates of Py, Py m
2d load length m
D distance between two cranes m
m payload mass kg

g gravity constant m/s?

load’s position, its center coordinates (z,y) are typically used, while its orientation is repre-
sented by the angle v. Meanwhile, under normal operating conditions, the load should remain
within a reasonable working region. The admissible load positions within the workspace are
determined by the presence of tension in both cables, so that both cranes are carrying part of

the load. This region is analytically described as follows:

€(0.5)7¢(-33)
Qaq, Qg 72 y Y 272 )

Xi<mm<z<zo <Xy,

0 < min(y,y2) <y < max(y,y2) < min(Yy,Ys).

Although the admissible workspace is defined as an open set, boundary configurations
corresponding to v = £7/2 can be considered as limiting cases, which are relevant in practical

installation tasks.

4.2 Kinematic analysis

After defining the system configuration and assumptions in Section 4.1, the next step is to
analyze the kinematic characteristics of the DCC system with a rigid-rod load. Unlike the
point-mass model introduced in Chapter 3, the rigid-rod load exhibits an additional rotational
degree of freedom, which must be explicitly considered when describing the system motion.
This introduces coupling between the translational motion of the load’s center and its rotational
orientation, resulting in more complex geometric relationships among the cable lengths, the

anchor points, and the load endpoints.

The purpose of this section is to establish the kinematic framework that captures these
coupled relationships. By deriving the geometric and motion constraints, the position and
orientation of the rigid load can be expressed in terms of the cable lengths and the crane con-

figurations. These constraints form the foundation for the subsequent dynamic modeling in
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Section 4.3 and the order reduction process discussed in Section 4.4.

Accordingly, Section 4.2 is organized as follows. Section 4.2.1 presents the geometric
constraints derived from the planar configuration of the system, while Section 4.2.2 formulates
the motion constraints that relate the cable velocities to the load’s translational and rotational

motion.

4.2.1 Geometric Constraints

By examining Fig. 4.2 and analyzing the geometric relationships between the boom tips and

the two endpoints of the load along the z-axis and y-axis

To — x1 = 2d cosy, 4.1
Yo — Y1 = 2dsin~y. 4.2)
since
D% .
[CL'l] _ [ 1] + Ll SN (vq ] ’ (43)
(7 Y —cosa
D% :
F2: Q_Mkmﬁ. (4.4)
Y2 Y, COS (rp

By combining Eq. (4.1 —4.4), the following geometric constraint equations can be obtained

X1 — X2 -+ Ll SiHOél -+ LQ sin Qg + 2dCOS”)/ = 0, (45)
Y1 — Yy — Licosay + Lycosas + 2dsiny = 0. (4.6)

The constraint equations in Eq. (4.5 — 4.6) do not explicitly include the coordinates of the load’s
center point (z, y). In this case, the relationship between the load’s center and its two endpoints,

P, and P, can be established using the following expressions

NN T %)
e Y] | S117Y |
i I PR e (4.8)
| Y2 | Y] | S17Y |

Cable lengths are the Euclidean distances from the anchors to the corresponding endpoints:

h=¢meX&+wemﬂ m=¢m—Xﬁ+@—nﬂ (4.9)

By substituting Eq. (4.7 - 4.8) into Eq. (4.9), the following explicit expressions can be obtained
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le\/(ac—dcosy—Xl)Q—F(y—dsiny—Yl)Q, (4.10)

L2:\/(x+dcosv—X2)2+(y+dsin”y—Y2)2. 4.11)

From the geometric relations in Eq. (4.10 —4.11), the cable lengths are uniquely determined by

the configuration (z, y, ). We therefore define the forward-kinematics mapping
fL1,2 : <x7y77) € Rg = (L1>L2) S RQa

compactly written as
(Lla L2) = le,Q(%y,’Y)a (412)

with the component wise formulas provided in Eq. (4.10 —4.11).

At this stage, the inverse kinematics of the system is considered. Previously, a unique
pair of cable lengths (L;, Ly) could be determined once the configuration (x,y,y) was speci-
fied. The current objective is to determine the load’s coordinates (z, y) when the configuration

(L1, Lo, ) is given. As illustrated in Fig. 4.3, the cable lengths L; and L, are given. According

—-_————
-~ =~
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-
e

~
______

-~ S~

R

Crane 1 Crane 2

oD @@ =

Figure 4.3: Schematic representation of DCCs.

to Assumption 3.1, the possible trajectories of the cable ends can be represented by two circles
centered at the crane anchor points, with radii L; and Lo, respectively. Given that the load
orientation + is also specified, determining the coordinates (x, y) requires translating the load
while keeping  constant so that its two endpoints lie on the corresponding dashed circles. It is

evident that only one configuration satisfies these geometric conditions.

To verify the above conclusion in an algebraic form, first recalling the geometric constraint
Eq. (4.5 — 4.6), when the configuration (L, Lo, 7y) is specified, the solutions for a; and a can
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be obtained by combining them with the following Pythagorean identities.
.2 2 f 2 2
sin” aq + cos” o = 1, sin® g + cos” ag = 1. 4.13)

From a geometric standpoint, Eq. (4.5 — 4.6) admit two symmetric configurations of the dual
crane system. These two branches correspond to the rigid load being located either above or
below the crane tips. Mathematically, both satisfy the same geometric constraints, since the
system can be mirrored with respect to the line connecting the two crane anchors. However, in
practical operations the load is always suspended below the cranes under gravity, and the cables
must remain in tension. Consequently, only the lower configuration is physically admissible,
satisfying the workspace constraint oy, ay € (O, g) Therefore, when restricted to the feasible
workspace, the solution (av, ap) of Eq. (4.5 — 4.6) and Eq. (4.13) is unique, and o and «s
can thus be regarded as dependent variables of L, Lo, and -, defined as follows by solving the
same set of equations

a; = hy(Ly, L, ), (4.14)

g = hy(Ly, Ly, 7). (4.15)

then present alternative coordinate expressions for the two endpoints of the load, distinct from
Eq. (4.7 - 4.8)

x .
[””1 e T ] , (4.16)
(7 Y —Ccos
x .
[@ ] N lsm 0‘2] , (4.17)
Y2 Y, COS (rp

the coordinates of the load’s center point can be readily obtained as follows

i

This implies that once the configuration (L1, Lo, 7) is given, o and o, are uniquely determined,

(4.18)

X1 + X2 + L1 Sina1 — Lg Siﬂ&z]

Y1 +Ys — Licosay — Loy cos oy

which in turn means that the coordinates of the load’s center point (x, y) are also uniquely de-
fined. In other words, (a1, as) and (x, y) are equivalent representations of the system configu-

ration. We therefore define the inverse kinematics mapping

compactly written as
(.I', y) = fm,y(LhLZa’Y)? (419)

with the component-wise formulas provided in Eq. (4.5 — 4.6), Eq. (4.13) and Eq. (4.18).

Through kinematic analysis, the DCC system with a rigid rod load, described by five
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variables (x,v,, L1, Ls), possesses three degrees of freedom. Therefore, once any three of

these variables are known, the remaining two can be uniquely determined.

4.2.2 Motion Constraints

The full system is described by five degrees of freedom (z,v,~, L1, L2) but possesses only
three degrees of freedom due to two geometric constraints imposed by the cables. When the
cable lengths L, and L, are fixed, there can be still be infinite possible values of (z,y,~)
compatible with (L;, Ls), the remaining configuration variables (z,y, ) are not independent
but must satisfy both constraints simultaneously. Hence, all possible configurations form a

one-dimensional subset of R?, denoted as
(z,y,7) = g(L1, L) C R?, (4.20)

which defines a manifold of dimension one, a continuous curve (topologically equivalent to
a line segment) along which the system can evolve. Such a manifold represents all feasible

positions and attitudes of the load consistent with the assigned cable lengths.

To provide a more intuitive understanding of how this one dimensional geometric manifold

evolves, a graphical illustration is presented through the following example:

X;=20m, Y;=90m,
X, =100m, Y,=100m, D =110m.

After defining the positions of the two boom anchor points (X7,Y7) and (X3, Ys), as well
as the inter crane distance D), the cable lengths are fixed at L; = 60 m and L, = 70 m.
Considering the workspace limitation, the orientation angle +y is constrained within the range
(—m/2,7/2). Within this range, 18 evenly spaced sample points are selected to observe the
geometric evolution of the system as « varies while I,; and L, remain constant. Based on
the inverse kinematic relations and Eq. (4.19), the corresponding load center positions (x, y)
are computed in MATLAB. Fig. 4.4 illustrates the overall geometric configuration of the DCC
system and the resulting one dimensional manifold of the load center under constant cable

lengths.

The two dashed circles in Fig. 4.4 represent the geometric constraints defined by the fixed
cable lengths L, and Lo, centered at the boom anchors (X, Y]) and (X, Y3), respectively.
For each orientation v € (—n/2,7/2), the rigid rod load is positioned such that both of its
cable attachment points lie on the corresponding circular constraints defined by L; and L.
The resulting configurations, drawn as thin dashed lines, illustrate the possible geometric poses

of the load consistent with the fixed cable lengths. The orange dots mark the corresponding
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Figure 4.4: Variation in load position and direction with L; and L, fixed.

positions of the load center (x, ), which collectively form a one—dimensional manifold in the
configuration space (z,y,7). The solid blue and red lines represent the two crane booms,
while the black solid line denotes the ground. The vertical dashed lines mark the workspace
boundaries of the cranes. A shallow red shaded area is added to highlight the upper region of the
manifold, which lies above the line connecting the two anchor points and does not correspond to
a physically realizable configuration. This region violates the geometric feasibility constraints
of the DCC system and lacks physical meaning, as it corresponds to configurations that cannot

exist under realistic cable tension conditions.

The lower branch of the manifold, located below the line joining (X7, Y}) and (X5, Ys),
represents the geometrically feasible portion of the configuration space, corresponding to at-
tainable positions of the load within the cranes’ operational workspace. By contrast, the upper
branch, indicated by the shaded region, corresponds to an over the line configuration of the
load center that would require nonphysical cable orientations. Thus, only the lower branch is

considered meaningful for subsequent modeling and control design.

Based on Fig. 4.4 and Table 4.2, it can be observed that under the given DCC config-
uration and fixed cable lengths L; and Lo, the feasible variation of the load position (z,y)

corresponding to v € [—1.571, 1.561] lies within the following intervals:

x € [44.921,71.121], y € [37.358,46.846).
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Table 4.2: Load center coordinates for varying v with fixed cable lengths.

v (rad) -1.571 -1.396 -1.211 -1.026 -0.842 -0.657 -0.472 -0.287 -0.102
x(m) 69908 70.717 71.121 71.014 70.295 68.889 66.769 63.992 60.715
y(m) 46.846 45494 44.116 42727 41.358 40.059 38909 38.009 37.467

v(rad) 0.082 0.267 0452 0.637 0822 1.006 1.191 1376 1.561
x(m) 57.196 53.748 50.672 48.186 46.402 45.333 44921 45.073 45.681
y(m) 37.358 37.694 38.420 39.429 40.611 41.875 43.164 44.452 45.726

The analysis of this geometric manifold provides a clear visualization of the system’s con-
figuration dependency and lays the foundation for subsequent derivations of equilibrium and

control strategies.

4.3 Dynamic Analysis: Lagrangian Modeling

Following the kinematic analysis of the rigid-rod load, we proceed to formulate an accurate

dynamic model. For notational simplicity, the following abbreviations are introduced
ag, Y, 0 £y, 0 £ @y,
=12, (1 #J)

Recalling the previously derived system constraints, they can be compactly expressed as fol-

Sy =sinf, Cy = cosf, where 0 €

lows

X1 - X2 + LlSal + LQSQZ + QdC'y - 0, (421)
Yy =Yy — LiCy, + LyCl, +2dS, = 0. (4.22)

The system clearly involves five degrees of freedom. Based on the inverse kinematics analysis,
the cable angles o and v, are equivalent to the load coordinates = and y. Since the constraints
Eq. (4.21 — 4.22) explicitly depend on Ly, Lo, 7y, vy, and «o, these quantities are chosen as
the state variables for the subsequent dynamic modeling. However, the presence of the two
constraints indicates that not all five degrees of freedom are independent, with two of them
being determined by the remaining three. Since the DCC system lifts the load by controlling
the lengths L (t) and Lo (), and (t) represents the load’s attitude, we define L (t), La(t), y(t)

as the independent degrees of freedom, whereas « (¢) and «(t) are treated as dependent ones.

The Lagrange method is used to model the DCC system. To obtain a sixth—order dynamic
system involving only the independent variables, we first formulate the full tenth—order dy-

namic model corresponding to the five degrees of freedom, which still contains the dependent

d (0L oL
=) 2= 4.2
it (%) ogs ™ (*23)

variables, as follows:
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T ) . T
where 4y = [Ll(t)7 L2 (t)u 7(25)’ al(t)a a2(t) and Q¢ = |:L1 (t)a L2 (t)u ’y(t)7 al(t)7 dQ (t)]
T
denote the variable vector and generalized velocity respectively, ug = [7-1 (t), 72(t), 0,0, O]
represent the generalized force, where 7 (t), 72(t) denote the manipulable control inputs. The
Lagrangian is given by:
L=T(t)—V(t) (4.24)

To derive the Lagrangian dynamic model of the system, we first define its kinetic and potential
energy. Since the boom angle remains fixed during operation, the system’s energy depends on

the load center coordinates (z, y), where

V(t) = mgy (4.25)
Since the load undergoes both translational and rotational motion, its kinetic energy comprises
both translational and rotational components

1 1
T(t) = 5m (#* +9%) + 5172 (4.26)

Its rotational motion can be approximated as that of a uniform straight rod rotating about an
axis passing through its center and perpendicular to its length. I = (md?)/3 represents the
moment of inertia of the load.

Differentiating the load’s midpoint coordinates derived from Eq. (4.18) yields:
& = (118, + L161Ca; — LaSa, — L262Cl,)

. . : : . (4.27)
U= 5(L1c1Sa, — L1Cy, + LacaSa, — LaoCl,)
Substituting Eq. (4.27) into Eq. (4.26) one obtains
T(t) :%m(ﬁ + L343 + L3a3 + 201 LoClay yan)
— 201 LaaS(ay ta) — 2L1Lact1 Sty +an) (4.28)
— 201 Loc109C oy 1a) + L) + émd%?
Similarly, substituting Eq. (4.18) into Eq. (4.25) one obtains
V(t) = %mg(Yl +Y, — L1C,, — LyC,,) (4.29)

Since the potential energy of the system V' (¢) does not contain the ¢, term, Eq. (4.23) can be

rewritten as

d(aT) ar oV

S ) - oy (4.30)
dt \ 0¢q dgy  Oq5
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Then, the dynamic equations of the system can be defined as the following forms

( def g (ar aT | vV _ .
P () - S+ =), =12
def g (0T aT | 9V __
‘F’Y*dt(afy>_8v+6y*o’ (4.31)
def g ( T aT v __
}—ai — dt (am) T By + doy; 0.
\

where the expression are expressed as follows
Fr, = im(i1 — L162 — (2Lacvg + Lo62)S(a 1an)
+ (L2 - L2d§)C’(a1+a2) - 2gC'a1),
Fr,= im('l;2 — Lod3 — (2016 + L161)S(01 1an)

+ (Ll - le%>c(a1+a2) - QgCQZ),

1
./T':y == gmdQﬁ/?
1 . . 4.32
For = Zm(QLlLloél + Lic + 2gL1Sa, 9

— (2L1 Lacis + Ly Lcin)Clayan)
+ (LlLQOég - LILZ)S(O[1+O¢2))7

1 .
fa2 = Zm(QLQLQOCQ + L%O@ + 29L28a2

— (2L1 L6y + Ly Loi1)Claysan)

+ (L1 L26F — L1L2)S(ay 1) ) -
To simplify the description and facilitate the subsequent analysis, we derive the matrix form of
the dynamic equation with five generalized coordinates L1, Lo, 7y, a1, as—based on Eq. (4.32).
Meanwhile, the effect of friction should also be taken into account. Therefore, the form of the

dynamic model can be expressed in the following compact matrix—vector form:

M'(qy)ds + C' (44, ds)de + G'(qs) = ug — F'qy (4.33)

where M'(q,), C'(qy,4s) € R>®, G'(qy) € R are the inertia matrix, centripetal Coriolis ma-

trix and gravity vector respectively. F” € R%*5 is a matrix containing the friction coefficients.
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After arrangement, the matrices in Eq. (4.33) are expressed as follows
tm M{, 0 0 M,
M, im 0 M;, 0
, 2o # , diag(thFfme:s) 032
M'(gs) 0 0 Imd® 0 0 |, F'= ,
0 0
0 M£4 0 imL% MLL:) 2x3 2x2
M, O 0 M imL%
0 C 0 Cy Cf _%mgcal
Cyr 0 0 Gy C - %mg Cag
C'(gs:46) =10 0 0 0 0], Gla)= 0
Ch Cip 0 0 C %mngSal
_Cél Cs, 0 C5 0 ] _%mgLQSCYQ_
(4.34)

where the detailed expressions of the elements of M'(gs) and C’(gy, §,) are provided as follows

2

My, = %C(aﬁaz)v

M, = —%L1S(a1+a2)7
Ol = =5 @2S(ar )
=~ LainClosson
Chs = =7 L161Clas o)
Ciy = 5 L,

Cis = %L1L2d25(a1+a2)7
Ci = —ﬂdelo(aﬁaz)»

m
M{5 = _ZL25(011+042)7

My = —%L1L20(a1+a2),
o= = Lada,

Cyy = —730415(a1+a2)

Cos = —TL2OZ2»

Cl = —T;Iqoézc (a1+a2)s

Chy = 5 Luin,

m
Oé4 7 L1L20415(a1+a2
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4.4 Order Reduction

At this stage, the Lagrangian dynamic model of the DCC system with a rigid—rod load has been
fully established. The complete formulation contains ten state variables, corresponding to five
generalized coordinates and their time derivatives. However, although the model is expressed
using five variables, the system inherently possesses only three independent degrees of free-
dom. The two angular coordinates, cr; and s, are not independent; they are fully constrained

by the geometry of the cable—load configuration.

For this reason, the dependent variables «; and s, together with their time derivatives,
must be eliminated from the model. Removing these variables reduces the number of indepen-
dent degrees of freedom from five to three and lowers the state dimension of the dynamical
model from ten to six. This reduction significantly simplifies the structure of the model and

facilitates the subsequent controller design.

The reduction is carried out by incorporating the constraint relations in Eq. (4.5 - 4.6) into
the dynamics. In particular, Eq. (4.14 - 4.15) provides explicit expressions for o (¢) and s (t)
as functions of the independent variables L, (t), L2(t), and ~y(¢). Substituting these expressions
into the Lagrangian equations yields a consistent sixth—order dynamic model with three degrees

of freedom.

Although an explicit representation of functions hq (L1, Lo, ) and ho(L1, Lo, y) appears
to be not possible to derive by Eq. (4.5 - 4.6), some useful manipulations are presented next.
Taking the temporal derivative of Eq. (4.14) and Eq. (4.15) one obtains

ap = 2—}211131 + %LQ + aa—]?;”%
(4.35)
_ Ohy Ohs . Ohs .

Vo =~y 2Ly 4 ——2
@2 (9L1 1+8L2 2+877

Eq. (4.35) can be rewritten in the more compact form as follows:

ciy = hy, Ly + hy, Ly + hl4,
(4.36)
cip = hy Ly + hi, Ly + h25.
where
e Oy e O e O
L 8L1 ’ L aLg ' v 8’}/ ’
(4.37)
Oy o ger Ol p aer Oha
oL, " 0L, Y oy

To derive the expressions for the functions hj , hj,, ... ,hi in Eq. (4.37), take the partial

2 def
hi, =
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derivative of constraints Eq. (4.5) and Eq. (4.6) with respect to L4, yielding:

Say + Lihy, Coy + Lahi Ca, =0,

(4.38)
Llhilsal - Cal - Lgh%ISCQ - O
The expressions for ~} and k7 can then be computed as follows
Clar+ay Clhiths 1 1
h}/l = oates) atha) ) hil == - ' (4.39)
LIS(a1+Oc2) LIS(h1+h2) LQS(Ozl-‘rOcz) LQS(h1+h2)

Similarly, take the partial derivative of constraints Eq. (4.5) and Eq. (4.6) with respect to Lo

and . Straightforward manipulations yield

Bl 1 _ 1 B2 Clartas)  Claithy)
Lo — - ) Lo — -
L1S(a+as) LSy +no) LoS(aitas)  LaShy+hy)
(4.40)
pl__ 20C0g1y _ 2dChgsy) B2 _ 2000y _ 2dCa, )
7 L1S(a1+as) L1S(hy+hs)’ T LaSartas)  L2S(hi+h)

It should be emphasized that the coefficients obtained by differentiating oy and 5 with respect
to time denoted as hlL o h}Lz’ ,hi still depend on the five system variables. At this stage,
we derive the dynamic equations for the three variables system using the Lagrange equation
Eq. (4.80)

d(&T) or ov _ @4

ai\ai) o " aq ~
-
where ¢ = [Ll(t), Ly(t), 7(1&)} represent the vector of generalized Lagrangian coordinates,

-
and u = [Tl(t>, T2(t), 0] denotes the generalized force vector. After arrangement, the three

variables dynamic model can be defined in the following form
Fr, 4 hi, Fo, + hi, Fo, = 1(t)
Fro + hiyFor + 03, Fay, = 1o(t) (4.42)
Fy+h Fo, + B2 Fo, =0

Similarly, Eq. (4.33) can be rewritten in the following form:

M(qg)G + C(qy,4s)q + G(qy) = u — Fgq (4.43)

where M (q,), C(gs, 4s) € R**3, G(q) € R? are the inertia matrix, centripetal Coriolis matrix
and gravity vector respectively. According to Eq. (4.36), we can obtain the relationship between

¢ and ¢, as follows
Gs = N(gp)d, u= N(gy) ug. (4.44)
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where
100 AL h2
N(gg)" =10 1 0 hi, n2 (4.45)
0 01 h}/ h?y
Differentiating both sides of g, yields:
Go = N(gs)d + N(qs)q (4.46)

For brevity, the following simplified notation will be used to present the mathematical model

M'(qs) = M', C'(q9,4s) = C", G'(g5) = G', N(gs) = N,
M(qy) = M, Clg4,4s) = C, G(gg) = G.
substituting Eq. (4.44) and Eq. (4.46) into Eq. (4.33) one obtains
M'(NG+ N§) + C'(NG) + G = uy — F'y.
multiply Eq. (4.49) by the matrix N " on the left-hand side
N"M'(NG+ N§) + N"C'(N§) + N'G' = NTuy — NTF'¢,.
After simplification, the expression can be written as follows
(NTM'N)j+ N"(M'N +C'N)g+ N"G' = N'uy — N"F'g,

defining
M=NTM'N, G=N'G, u=NTuy,

C=N'M'N+NTC'N, Fg=NTFi,

the final form of the dynamic model can be expressed as follows

Mi+Cq+G=u—Fqg

(4.47)

(4.48)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

Through subsequent computations and arrangements,M (gs), C(qs, ¢») and G(gy) is derived as
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follows

M = Moy May Mog| > ¢ = Co1 Cay Cag| >

M31 M32 M33 C'31 032 C’33

(4.54)

%hilmgl}lsal + %h%lmgllgSa2 — %mgC’a1

G = |1l mgLiSa, + 1h2 mgLsSa, — tmgC., |, F = diag(Fp1, Fia, Fy).

%himngSal + %h?ymgLQSQQ

and the detailed expressions of the elements of matrices M and C' are provided as follows

m
My = (L3 (BL,)* 4 23 (42,7 — 2L0Lahl 3, o) — 2Lab, Sy + 1)
m
Miy = My = (hlLlh;ZLf +h2 B2 L2+ (1= Y 2, — bl B2 VL1 LoClarsan)

— (hh Ly + h%ng)S(maQ)),

m

Mz = M3 = 1

(hilhl L2 4 12 WELE — (WL A2 4 BMR2) Ly LoClan oy — hiLgs(alm)),

0l v Ly

m
My =2 (Lf (hL)* + L2 (h2,)" — 2Ly Loht b2, Clorsom) — 2L1hY Siarsan) + 1),

m

Moz = Msy = 1

(h;Qh;Lf + 12 h2L2 — (h B2+ hEh2 ) LaLoClay san) — hiLls(mm)),

m 2 2
Mgz = 3 <3L§ (hY)™+3L3 (h2)" +4d® — 6L1L2h$h30(a1+a2>>‘
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Cii = —(daLihp, — (201 + G2)Lah} Claytay) + (Lic + c2)Lohy hT S(ar+as));

012 - (2L2h%1042 — (Llhil —I- LZh%Z)O(Oq-i-az)dQ + (L1L2hi1h%2d/2

=3 e[3

+ LiLohy h3 éq — 2)S(ay+as) — L1y, é1),

Cis = %(LlLQS(maQ)(hhhiag +hER2 6n) = Loh?Clay tamds — Liklan),

Coy = %(2 Lih},éq — (Lyh}, + 20002 ) Clayvany@ + L1 LoS(ay van)(he, B3 co + hi W3 di)
2S(ar+an)®1 — Loh cw),

Ciy = %(LthQo@ — Lih},Clarvan) (61 + 200) + LiLohl_kr, S sam (61 + ),

Cos = %((hlbhidg + B2, 60)Lr LoS (o tag) — Lihl Clan o cn — Loh2ds),

Cy = %((hilhial + hEh2 69)La LoS(ar sag) + 2Lihhdr — 2Loh261Clay vay)),

Cip = %((hhhidl + 1 h2,40) La LoS(an sa) + 2Lah2ds — 20182 65C 0y 40,

Oy = %(al + 69) L1 Loh B2 S (o 4an)-

Although matrix M, C' and G in Eq. (4.54) depend on the elements of vector g, once the
relations vy = hy (L1, Lo, 7y), s = ha(Lq, Lo, 7y) are replaced into it, then matrix M, C and G
depend on ¢ only. This substitution formally eliminates the dependent variables and yields the

reduced three degree of freedom dynamic model described by Eq. (4.53).

However, for numerical implementation, the computation of a; and as remains neces-
sary at each integration step, since they still affect the evaluation of the system matrices M (q),
C(q,q), and G(q). To ensure consistency between the reduced order coordinates and the origi-

nal geometric constraints, a stepwise numerical procedure is adopted as follows.

After the order reduction, the state vector of the reduced system comprises only the inde-
pendent generalized coordinates ¢ = [Lq, Lo, W]T, while the dependent variables a; and a5 are
implicitly related to ¢ through the geometric constraint Eq. (4.21 — 4.22). However, since the
matrices M (q), C(q, ), and G(q) in Eq. (4.54) are functions of both the independent and de-
pendent variables, their evaluation during time integration requires the consistent computation

of a; and vy at each time step.
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To handle this dependency, a stepwise numerical procedure is adopted. At each discrete
time instant t; (k = 0,1,..., N), the current state gz = q(tx) = [Lix, Lok, V] is used to
determine the corresponding values of oy, and aip; by numerically solving the nonlinear con-
straint Eq. (4.21 — 4.22). The obtained values are then substituted into the system dynamics
Eq. (4.53) to compute the state derivatives and advance the integration to the next step. This
iterative process ensures consistency between the reduced order coordinates and the original

geometric constraints throughout the simulation.

The overall procedure is summarized in Algorithm 4.

Algorithm 4: Stepwise Numerical Computation of a;; and av
Input: Initial state variables L;(0), L(0), v(0), total steps IV, final time ¢ ¢

Output: Sequences {1y, aog, gk, Gx} fork =0,1,..., N

Setty = 0, ty = ty, and choose time step At = tf/N;
]T.

fork=0,1,2,..., N —1do
(1) Solve the constraint Eq. (4.21 — 4.22) numerically to obtain a1 and g

Initialize gy = [L10, L20, Y0

corresponding to qy;
(2) Evaluate the matrices M (qx), C(qx, x), and G(qx) using a; and gy
(3) Solving the system dynamics Eq. (4.53) over At to compute g1 and ¢x+1 ;

This numerical scheme allows the reduced order model to be integrated efficiently while
preserving the consistency with the full system geometry. In addition, it avoids explicit an-
alytical substitution of the dependent variables, thus maintaining numerical stability even for

configurations close to kinematic singularities.

In this section, the original tenth—order dynamical model, whose state vector is

. ; ; .o . 1T
(Q¢>7q¢) = [Lb L27 7, a1, Qg, L17 L27 Y5 O, 042:| )

is reduced to a sixth—order model,

<Q7Q) = [Lla L27 s Lla LQ; ;Y:|T7

by explicitly enforcing the constraints of the DCC system. These constraints eliminate the two
angular variables and their derivatives, thereby reducing the number of independent degrees
of freedom from five to three. As a direct consequence, the order of the dynamical model
decreases from ten to six. This reduction not only simplifies the subsequent controller design
but also provides a systematic and principled methodology for modeling complex cooperative

hoisting systems subject to kinematic and geometric constraints.
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4.5 Computing the Equilibrium State of the System

Having established an accurate dynamic model for the dual crane system with a rigid rod load,
it is essential to determine the equilibrium configuration of the system before proceeding to
the design of the lifting control strategy. The equilibrium analysis provides the reference con-
figuration around which the control laws can be developed and the dynamic behavior of the

suspended load can be stabilized.

In heavy load hoisting operations, the weight of the lifting components such as cables,
hooks, and spreader bars is negligible compared with the weight of the payload itself. Ne-
glecting these relatively light components introduces no significant error in the overall system
balance. At equilibrium, all structural elements of the system, including the payload’s center of
mass, the cable anchor points, and the boom attachment points, must lie within the same vertical
plane. Otherwise, gravitational forces would induce lateral motion or oscillations, preventing

the system from maintaining a static configuration.

Therefore, the equilibrium configuration of the system can be analyzed within a two di-
mensional plane, which is consistent with Assumptions 3.1. This planar representation signifi-
cantly simplifies the equilibrium computation while still capturing the essential characteristics

of the dual crane hoisting mechanism.

AKX Y)) F, F,

A(X1,Y 1)

a1§

P1 (xl’ yl) Om(-xa y) G 0

(a) (b) (c)

Figure 4.5: Kinematics, forces, and moments of the system in dual crane lifting

The rigid rod load system can be regarded as a closed kinematic chain composed of three
links: two hoisting cables and the rigid load itself. As illustrated in Fig. 4.5a, four revolute
joints connect these links, namely the cable anchor points A; and A,, and the load endpoints
P, and P,. The mass center of the load, denoted as O,,, coincides with the midpoint of the
rigid rod and is introduced to represent the combined effects of gravity and the cable tensions,
as shown in Fig. 4.5b, and Fig. 4.5c illustrates the two distinct torques generated by the rope
tension on the load.
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In the system, one set of parameters is constant and can be determined at any given sim-
ulation instant. These parameters include the cable lengths L; and L,. Another set consists
of five unknown variables to be solved, ay, s, v, Fi, and F5, which represent, respectively,
the cable angles with respect to the vertical axis, the load inclination angle, and the two cable

tensions.

The equilibrium configuration of the system is determined by three fundamental condi-
tions: (1) geometric and kinematic constraints, (2) force equilibrium, and (3) torque equilib-
rium. The geometric constraints arise from the closure of the kinematic loop, which has already
been expressed in the kinematic analysis of Section 4.2 as Eq. (4.5 — 4.6). It indicates that the
two endpoints of the rigid rod load must be connected to the ends of the cable. The remaining
two conditions require that both the resultant force and the resultant moment acting on the mass

center O,, vanish in the equilibrium state.

e
=
=
k]
N
>y
N

emmme- s £ 2x

(#,9)

Figure 4.6: Force and moment analysis at static equilibrium

In what follows, we consider forces and torques by their magnitudes, the directions are
represented geometrically via the cable orientation angles o, o and the load attitude v. A
rigid body is at static equilibrium if and only if both the total force and the total moment vanish

for any reference point O, i.e.,

Y F=o, > Mo =0.

Figure 4.6 depicts a force diagram: the directions of the cable tensions coincide with the cable
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directions, and the gravity acts vertically at the load center. In the present planar setting, exactly
three non-parallel forces act on the load (two cable tensions and gravity). By the classical three-
force equilibrium theorem, equilibrium holds if and only if the lines of action of the three forces

are concurrent (they intersect at a single point).

Let the horizontal/vertical components of the tensions be (Fi,, F1,) and (Fh,, F5,), and

let G = mg denote the weight. Force equilibrium reads

Fi,—F,, =0
' ° (4.55)
Fly + ng - G - 0
with the component relations
Fip = Fisinay, Fyy = Ficosa
ng = F2 sin Q9, ng = FQ COS Qg (456)
G =mg
Substituting Eq. (4.56) into Eq. (4.55) yields
Fisina; — Fysinag = 0 4.57)
Fycosay + Fyrcosag —mg =0

As illustrated in Fig. 4.6, the torque-effective components of the cable tensions (perpendicular

to the load) are F;,,; and F},2, so moment equilibrium gives

Foid—F,d=0 (4.58)
where
Fy=F -
1= Freos(ar =) (4.59)
Foe = Fycos(as + )
Substituting Eq. (4.59) into Eq. (4.58) yields
Fy cos(a; — ) — Fycos(aa +v) =0 (4.60)

Geometric condition for static equilibrium. In the previous derivations, only the magni-
tudes of the forces were considered to simplify the formulation, and their directions were rep-
resented by the geometric angles ay, as, and . At this stage, it is convenient to introduce
a compact vector notation to describe the resultant of the two cable tensions in a clearer and
more concise way. Each cable tension is characterized by its magnitude and direction: the
magnitudes are denoted by F; and F5, and the directions are defined by the angles o and as,

respectively. Accordingly, the two tension forces can be represented in vector form as

F1 = Fl up, F2 = F2 Ua, (461)
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where u; and u, are unit vectors along the directions of the cables. The resultant of these two
tensions is therefore written as

This vector expression is introduced solely for clarity in the geometric explanation and does

not modify the scalar treatment adopted in the previous equilibrium derivations.

According to the force equilibrium condition in Eq. (4.57), the resultant force of the two
cable tensions must balance the gravity acting on the load. Let F, denote the gravitational
force vector applied at the load center, whose magnitude is mg and whose direction is vertically
downward, i.e.,

F,=—mge,, (4.63)

where e, is the unit vector along the upward vertical direction. The negative sign indicates that

gravity acts opposite to e,. Hence, the resultant of the two tensions is given by
R=-F,=mge,, (4.64)

which means that the combined effect of the two cable tensions produces a vertical force acting

upward, equal in magnitude to the load weight.

Next, consider the moment equilibrium expressed by Eq. (4.60). It states that the algebraic
sum of the torques generated by F; and F about the load center (x,y) is zero, this condition
implies that the resultant force R produces no moment about (z,y), hence its line of action

must pass through (z,y).

In planar statics, the line of action of the resultant R for two non-parallel forces always
passes through the intersection point (Z, ¢) of their individual lines of action. Since R is vertical
and passes through (x, y), the intersection P must lie on the same vertical line as the load center.

Consequently, the horizontal coordinates of (, ) and (z, y) coincide:
T =ux.

This relationship defines the geometric equilibrium condition: at static equilibrium, the exten-
sions of the two cable tension lines intersect at a point directly below the load center, ensuring

that the three forces (two tensions and gravity) are concurrent and generate no net moment.

Symmetry of cable angles at horizontal attitude. We now analyze the special case in which
the load attitude angle is horizontal, i.e., v = 0. Under this condition, we aim to show that the

two cable inclination angles must be equal, a; = .

Substituting v = 0 into the moment equilibrium Eq. (4.60) gives

Ficosay = F5cos as, (4.65)
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which indicates that the vertical components of the two cable tensions are equal in magnitude.

This equality ensures that both tensions contribute the same vertical lifting force on the load.

From the first equation in the force balance condition Eq. (4.57), we have
Fisin oy = Fysin ao, (4.66)

which expresses the equality of the horizontal components of the two cable tensions, ensuring

that no net horizontal force acts on the load.
Dividing Eq. (4.66) by Eq. (4.65) yields

Fisinog F5sin

= ; 4.67
Ficosay  Fycosas ( )
and since F, F5 > 0, the force magnitudes cancel out, resulting in
tan o = tan ao. (4.68)

Considering that both a; and «, belong to the range (0, 7/2) for the given crane geometry, the
equality of their tangents implies

This result demonstrates that when the load is horizontal (v = 0), the two cable inclination
angles are symmetric with respect to the vertical axis passing through the load center. Such
symmetry corresponds to a geometrically balanced and statically stable configuration of the
DCC system.

Equilibrium equation. At this stage the three ingredients of equilibrium are established:
geometric concurrency, force balance Eq. (4.57), and moment balance Eq. (4.60), together

with geometric closure Eq. (4.5 — 4.6). They can be compactly written as

( . .
Fisina; — Fysinag =0

Ficosay + Fycosas —mg =0

Fycos(a; —) — Fycos(aa +7) =0 (4.70)
X1 —Xo+ Lysinag + Ly sinas + 2dcosy =0

Y1 =Yy — Licosay + Lycosas + 2dsiny = 0

\

which is referred to as the equilibrium equation in the subsequent sections. Given the cable
lengths Ly, L, and the system parameters X, X, Y7, Y5, m, g, d, the unknowns are F, F5,
a1, g, 7, which are coupled by the nonlinear equilibrium equation above enforcing geometric

closure and simultaneous force and moment balance.

Solving this nonlinear system numerically yields the equilibrium configuration of the sus-
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pended load, represented by the cable angles «; and a5 and the load inclination angle -.
In other words, for any prescribed pair of cable lengths (L, Ls), there exists a unique set
of equilibrium orientations (aq, as,y) that satisfies the static equilibrium conditions. This
also confirms, from a static equilibrium perspective, that within the one dimensional man-
ifold (z,y,v) = g(Li,Ls) C R3, there exists a physically meaningful equilibrium point
(Teqs Yeqy Veq) = Geq(L1, L2) € R that satisfies the equilibrium conditions. This mapping
between the cable lengths and the load configuration establishes the fundamental relationship
required for the subsequent design of the desired load location, where the inverse problem will

be solved in order to determine L1 (t), Lo(t) and (¢) from the desired load location.

4.6 Stability Analysis at the Equilibrium Point

4.6.1 Single Degree of Freedom Dynamics Model

As analyzed in Section 4.2.2 and 4.5, when L; and L, are fixed, all possible configurations
(x,y,~) form a one dimensional manifold (z,y,7) = g(L1, Ly) C R3. Within this manifold,
there exists one and only one configuration (Zeq, Yeqs Yeq) = Jeq(L1, L2) € R? that satisfies the
equilibrium conditions. This configuration is referred to as the equilibrium point of the system.
In the following, we first express the fixed length constraints in algebraic form and show how
they reduce the geometry to a one dimensional curve parametrized by . Then, based on this
parametrization, we construct a single coordinate Lagrangian model in ~y that will be used for

the stability analysis of the equilibrium.
For given cable lengths (L1, L,), from Eq. (4.10 —4.11) the geometric configuration of the
system is constrained by two algebraic equations:
Zi(x,y,7) = (v —dcosy — X1)* + (y —dsiny = Y1)* = L =0, (4.71)

Zo(2,y,7) = (v +dcosy — X2)* + (y + dsiny — Ya)* — L3 = 0. (4.72)

Eq. (4.71 — 4.72) state that, for a given -y, the two load end attachments must lie on circles
of radii L; and L, centered at (X1, Y7) and (X5, Y3), respectively. They encode the fact that the
cable lengths are fixed, and therefore select the admissible triplets (z,y, ).

The Jacobian matrix of the constraint Eq. (4.71 —4.72) with respect to (x, y) is defined as

07, 07,
.. 9., Jiz

J(x,yy) = | 0% % =[1 “’], 4.73)
07y 07 Jow  Joy

dr Oy
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from the explicit form of Z; and Z in Eq. (4.71 — 4.72), the partial derivatives are obtained as

Jiz = 2(x — dcosy — X7), Jiy = 2(y — dsiny — Y1),

Jor = 2(x + dcosy — Xs), Joy = 2(y + dsiny — Y5).

The Jacobian J(z, y, ) collects the partial derivatives of the two constraint functions Z; and Z
with respect to the load coordinates (z,y). Each row of .J therefore represents how the corre-
sponding constraint equation varies when the load center undergoes infinitesimal displacements
in the horizontal or vertical direction. In this sense, .J establishes the local geometric mapping

between small changes in (z, y) and the induced variations in (Z;, Z5).

When the Jacobian J(x,y,~y) is nonsingular, which holds throughout the admissible
workspace, the Implicit Function Theorem can be applied. It ensures that the coordinates (x, y)
can be locally expressed as smooth functions of the attitude angle . Specifically, there exist

differentiable mappings () and y(~) satisfying

Zi(z(7),y(7),7) =0, Zo(z(7),y(7),7) = 0. (4.74)

The theorem states that if a continuously differentiable mapping Z(x,y, ) = [Z1, Z2| " satisfies
Z(x0, Yo, Y) = 0 and its Jacobian matrix with respect to (x,y), i.e. J(xo, %o, Y0), is invertible,
then there exist unique differentiable functions () and y(~y) in a neighborhood of 7 such that
the constraint equations remain satisfied for all nearby values of 7, where (xg, ¥, 7o) denotes
a reference configuration that satisfies the constraint equations Z(zo, Yo, 70) = 0. This result
formally justifies the dependency relationships © = x(y) and y = y(~y) used in the subsequent
derivation of the single degree of freedom dynamic model. A detailed discussion of the Implicit

Function Theorem can be found in standard mathematical analysis references [101, 102].

This result implies that, for given cable lengths (L;, Ls), the load configuration can be
completely described by a single variable . Eq. (4.74) therefore establishes that, under fixed
cable lengths and a regular workspace (i.e., an invertible Jacobian .J), the entire system config-
uration is uniquely determined by . Consequently, ~y is adopted as the generalized coordinate

describing motion along the one dimensional manifold defined by the fixed length constraints.

In the following derivations, this implicit formulation will be used to compute the first and
second derivatives z'(7), v/ (), 2”(7v),y" () appearing in the expressions of the kinetic and

potential energies.

Since the constraint functions Z; and Z, in Eq. (4.74) are identically zero along the one
dimensional manifold, their total derivatives with respect to v also vanish. By applying the
chain rule to both Z; and 7, each total derivative can be expanded as

dZ; 07, 0Z;

/
dry 8:U$+8yy+

07,
oy

=0, i=12
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Rewriting these two equations in matrix form gives

:E/
/

J(z,y,7)

x/
+ B(z,y,7) =0 = [y,] = —J Yz,y,7)B(z,y,7), (4.75)

where B(x,y, ) is formed by the terms 0Z; /0 of the two constraint equations, that is,

(4.76)

Jiz(d sin Jiy(—d cos
B(x,y,’y):[ (dsiny) + Ji,( 7)]'

Joz(—dsiny) + Joy(d cos )

By solving Eq. (4.75), one obtains the derivatives (z’,%')T that describe how the load center
moves along the constraint manifold as «y varies. Although z () and y(y) cannot be obtained in
closed form, their derivatives can be computed algebraically from Eq. (4.75 — 4.76), and these

results will be used later in the derivation of the kinetic and potential energies.
Differentiating Eq. (4.75) once more with respect to y gives

7 /

x
J(@,y,7) | |+ @y, | | +B(z,y,7) =0, 4.77)
2 . . / ,

y,, =—J (SB,Z/,'}/) J ([L’, y77) ’ + B (:L'a y77) . (478)

Eq. (4.75) with respect to ~, the second derivatives x” () and y”(~y) are obtained. These quan-
tities are required for the formulation of the kinetic and potential energies in the subsequent

derivations.

To construct the single degree of freedom dynamic model in terms of the generalized co-
ordinate v, the Euler-Lagrange formulation is adopted, following the same modeling approach
introduced in Section 4.3. A viscous damping term w-y is included to represent the energy dis-
sipation caused by cable friction and other resistive effects, where w > 0 denotes the damping

coefficient. The resulting equation of motion is

d (0L oL
(=) = Y =) 4.79
dt (ay) gy T @79
where the Lagrangian is defined as
L(1,4)=T-V. (4.80)

According to Eq. (4.26), the kinetic energy is expressed as follow

1 1.1 .
T(v,%) = §m(:v’2 + )5 + 5%72 = §M(7)72, (4.81)
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with
M(y) = m(2”? +9?) + L, M'(y) = 2m(2’z" + y'y"). (4.82)

The quantity M () plays the role of an effective inertia associated with the generalized coor-
dinate ~. It depends on the geometry through 2’(-y) and y/(7), i.e., how the load center moves
when the orientation changes. Its derivative M’(y) comes from differentiating M w.r.t. v and

will multiply 42 in the equations of motion.

The potential energy is determined by the vertical position of the load center, and can be

expressed as
V(v) =mgy(y),  V'(y)=mgy'(v), (4.83)

where V() represents the generalized restoring torque associated with the coordinate ~. Thus

£0v. ) = %M ()7 =mgy(y) (4.84)
We compute
%ﬁ = M), % (M(y)7) = M(v)5 + M'(7)7?,
: (4.85)
8£g77> 7) _ % (%M(’}/)’72 _ V(y)) _ %M’(v)ﬁz . V’(’y).

Based on Eq. (4.79 — 4.85), the resulting single degree of freedom dynamics can be written as

1
M)A + MY + wy + V'(y) = 0. (4.86)

Eq. (4.86) is the reduced model in the single coordinate v: M ()5 is the inertial torque,
%M '(7)%* is a geometric correction due to the v dependence of the inertia, wr is the vis-
cous damping torque, and V’(7y) is the restoring torque induced by gravity. This compact form
will be the starting point for the equilibrium characterization and the subsequent linear stability

analysis.

4.6.2 Linear Stability Analysis

An equilibrium orientation 7., satisfies ¥ = 0 and 4 = 0 in Eq. (4.86). Substituting these into

the equation gives the condition

V' (Veq) = Mgy (Yeq) = 0, (4.87)

which ensures that the total torque acting on the load is zero at equilibrium.
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Define the small deviation

T2y = Yeqs A= =4 (4.88)

We analyze very small motions around equilibrium, meaning that the deviation, velocity, and

acceleration are all small quantities of the same order of magnitude,

7 = O(e), 5 = O(e), 5= O(e). (4.89)

Y7, 7* = O(), (4.90)

and are therefore neglected in the linear approximation. In other words, 7, 7, and 5 are all first
order infinitesimals, so that products of small quantities such as 47 or 42 are of second order

and omitted in the linearized model.

The function M () represents the inertia associated with the motion of the load and de-
pends smoothly on the orientation . To analyze small oscillations around the equilibrium 7.,
we linearize M (v) by means of a Taylor expansion around ~.,. This expansion expresses the
value of M (~y) at any nearby + as its equilibrium value plus the first order correction due to a
small deviation ¥ = v — 7eq:

M(y) = M(Yeq) + M'(Yeq) 7 + O(F%) = Meq + M 7 + O(e?), (4.91)

where Meq = M(7eq) > 0 denotes the inertia at equilibrium and M/ £ M’(7.q) is its local
slope. The higher order term O(7?) collects all second and higher order contributions, which

are neglected under the small angle assumption since 7 is infinitesimal.

In Eq. (4.86), this inertia function multiplies the acceleration 4 = 4. Substituting the
Eq. (4.91) gives
(Meq + Me7)7 = Meqy + Mo 77 -
N——
o(e2)
The second term involves the product of two small quantities, 5 and 7, and is therefore of order

O(e?) according to Eq. (4.89). As only first order terms are retained in the linear model, this

contribution is neglected. Hence, to first order, the inertia term simplifies to
M(Y)5 = MeA. (4.92)

This approximation states that, within the range of small oscillations, the inertia can be treated

as a constant equal to its equilibrium value M.

The velocity squared inertial term $M’(v)4? originates from the variation of the inertia
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M (~y) with respect to the orientation . Expanding M’(vy) near 7., gives

1

SM'(y)y =

> (M +O))Y, (4.93)

N | —

where M, £ M'(7eq) and the term O(7) arises from the Taylor expansion of M '(), rep-
resenting corrections of higher order proportional to the small deviation 4. Since ¥ = O(e)

according to Eq. (4.89), the quantity 42 is of second order, i.e.,

Hence, the entire term in Eq. (4.93) is also of order O(¢?), and can be safely neglected in the

linear approximation:

M3 = 0() ~ 0. (4.94)

Physically, this term corresponds to a higher order inertial correction due to the dependence of
M () on ~, but its contribution is negligible when the angular motion around the equilibrium

1s small.

The potential function V() represents the gravitational potential energy of the suspended
load, and its derivative V() corresponds to the generalized restoring torque associated with
the orientation . To linearize this restoring action around the equilibrium, we perform a Taylor

expansion of V'(7y) at Yeq:

V'(7) = V' (%eq) + V" (ea) (7 = Yeq) + O(3%) = V" (760)7 + O(€?), (4.95)

where we used the equilibrium condition V'(.,) = 0 from Eq. (4.87).

Recalling that the potential energy is related to the vertical position y(y) of the load
through V' (v) = mgy(y), its first and second derivatives are, respectively,

V() =mgy' (), V'(7) =mgy"(v). (4.96)
Evaluating the latter at the equilibrium yields
V" (Yeq) = mgy" (Yeq)- (4.97)
To simplify notation and highlight its physical meaning, we introduce
keq = V" (Yeq) = Mgy (Yea), (4.98)

which represents the local slope of the restoring torque with respect to v at the equilibrium

configuration. Substituting this definition into Eq. (4.95) yields

V() & keq 7- (4.99)
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Substituting Eq. (4.92), Eq. (4.94), and Eq. (4.99) into Eq. (4.86), and using 7 = 7 we

obtain the linearized dynamics
M7 + w7 + keq¥ = 0, (4.100)

which represents a standard second order linear ordinary differential equation with constant

coefficients.

Eq. (4.100) describes the small amplitude oscillation of the load orientation around its
equilibrium configuration. The three terms respectively correspond to the inertial, damping,
and restoring moments, in full analogy with a linear second order mass—spring—damper system.

Assuming a trial solution of the form 7(¢) = e*!, the characteristic equation is

—w + /w? — AM kg

Meq)‘2 T WA+ keq=0 = Aip= 2Meq

(4.101)
Hence:

o If koq > 0, the restoring torque acts opposite to the deviation, yielding A, 2 < 0 for
w > 0 (asymptotic stability), and purely imaginary eigenvalues \ o = ti\/keq/Meq for
w = 0 (Lyapunov stability).

* If kq < 0, the restoring action is reversed and one root of Eq. (4.101) has a positive real

part, corresponding to an unstable saddle—type equilibrium.

The parameter k., = mg y”(7eq) quantifies the local curvature of the load trajectory with
respect to v, that is, the sensitivity of the vertical position y to small orientation perturbations. In
geometric terms, a positive k., means that when the load undergoes a small angular deviation,
its center of mass moves slightly upward. As a result, gravity generates a restoring torque that
pulls the load back toward the equilibrium position, indicating a stable configuration. If k.,
were negative, a small deviation would instead lower the center of mass, so gravity would act
in the same direction as the disturbance, driving the system further away from equilibrium and

making it unstable.

From the geometric analysis presented in Sec. 4.2.2, the configuration manifold obtained
for fixed cable lengths (L, Ls) consists of two branches: the lower branch, located below the
line joining (X1,Y7) and (X5, Y>), and the upper branch, located above it. Only the lower
branch satisfies the static and torque equilibrium conditions of the suspended load and remains
entirely within the feasible workspace of the DCC system. This branch corresponds to ke > 0,
representing a physically attainable and stable equilibrium configuration. The upper branch, by
contrast, would correspond to k., < 0, which geometrically represents an “over—the-line” con-
figuration of the load center that violates both the geometric constraints and the force balance

requirements. Hence, this case is not physically realizable, and only the k., > 0 configuration
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exists in practice.

In summary, the combined evidence from the linear stability analysis and the geometric
manifold interpretation demonstrates that all physically admissible equilibrium configurations

of the DCC system are locally stable.

In what follows, we consider the following case study to determine the system’s equilib-

rium point under a fixed configuration (L, L,) and to verify whether this equilibrium is stable.
X, =20m, Y;,=90m, L;=60m, Ly,=70m, d=10m
X,=100m, Y,=100m, D=110m m=1kg, g¢=9.81kg/s

The angle  is defined within the range (—7 /2, 7/2), and the viscous damping coefficient is set
to w = 0. Through numerical computation in MATLAB, the equilibrium values are obtained

as
Yeq = 0.0345,  keq = 131.0247.

Therefore, under this configuration, an equilibrium point 7., is identified. When w > 0, the

equilibrium point is asymptotically stable, whereas for w = 0, it is Lyapunov stable.

Meanwhile, according to the equilibrium equation Eq. (4.70) derived in the previous sub-
section, the value of v obtained by solving it numerically in MATLAB coincides exactly with

Yeq- This result confirms the correctness of the derived Eq. (4.70).

4.6.3 Energy Based Stability Analysis

While the linearized analysis establishes local stability, it is desirable to confirm that this prop-
erty is intrinsic to the full nonlinear dynamics on the constant length manifold. Therefore, in
this subsection a qualitative proof is provided using an energy based Lyapunov approach. With-
out relying on small-angle linearization or numerical simulation, the analysis demonstrates that,
under mild geometric regularity and convexity assumptions, the equilibrium configuration is in-

deed asymptotically stable for the entire class of admissible parameters.

Consider the single degree of freedom dynamics Eq. (4.86) evolving on the admissible
interval I' = (v,%) C (—n/2,7/2) determined by the fixed cable lengths (L, Ly). We make

the following assumptions:

Assumption 4.2 The Jacobian J(x,y,~) is nonsingular on I'. Hence (x(7y),y(7)) is unique
and smooth, and M () is smooth with 0 < My < M(y) < Mpax < 00.

Assumption 4.3 There exists a unique o € I' such that V' (veq) = 0 and V(y) > V(7eq) for
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all v # ~eq in T

Assumption 4.4 Either I is bounded and V' attains its unique minimum at “eq, or V(y) —
+ooasy —yory —7.

Assumptions 4.2 is satisfied on the admissible workspace where the two cable directions are not
collinear. Assumptions 4.3 expresses the fact that, along the feasible manifold, the gravitational
potential has a unique strict minimizer. We adopt the mechanical energy with the equilibrium

potential subtracted
E(,4) = M)A + V() = V(%eq)- (4.102)

By Assumptions 4.2-4.3, € > 0 and £ = 0iff (7,%) = (7eq, 0). Differentiating (4.102) along
solutions of Eq. (4.86) yields

€= 3M' ()7 + M3 + V()7
(4.103)
= ’Y(M(’Y)’? + 1M (7)A2 + V’(w) _ _wi? <0,

which shows that £ is a strict Lyapunov function for w > 0 and a conserved quantity for w = 0.

Lyapunov stability for w = 0 : Under Assumptions 4.2 - 4.4 with w = 0, the equilibrium
(7eq: 0) is Lyapunov stable. Since E =0, the energy is conserved and its positive definiteness
at (7eq, 0) implies that trajectories initialized sufficiently close remain on compact level sets of

& around the equilibrium.

Asymptotic stability for w > 0 : Under Assumptions 4.2 - 4.4 and w > 0, the equilibrium
(7eq: 0) is asymptotically stable. If, in addition, every solution of Eq. (4.86) is forward complete
and remains in I', the convergence is global on I'. Since E = —w A2 <0and & >0, & (t)
converges. By LaSalle’s invariance principle, any trajectory approaches the largest invariant

set contained in
S={(14) €T xR: £ =0} ={(,%): ¥=0}.

On S the dynamics Eq. (4.86) reduces to V’() = 0, which by Assumptions 4.3 implies 7 = 7eq
only. Therefore the largest invariant subset of S is the singleton {(7eq, 0)} and the equilibrium

is asymptotically stable.

The results of Sections 4.6.1 and 4.6.2 complement each other and provide a compre-
hensive characterization of the equilibrium stability of the dual crane system. The linearized
stiffness criterion established that the equilibrium configuration is locally stable whenever the
effective stiffness keq = Mg y”(7eq) is positive, corresponding to a strict local minimum of the
potential energy. The subsequent qualitative analysis confirmed that this property is not re-
stricted to infinitesimal motions: under mild geometric regularity and convexity assumptions,

the equilibrium remains Lyapunov stable for the full nonlinear dynamics, and asymptotically
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stable in the presence of viscous damping. Therefore, the stability of the cooperative hoisting
configuration is a structural feature of the constant length manifold, independent of small angle

approximations or numerical conditions.



Chapter 5

Control Strategy Design and Simulation

Before proceeding to the controller design, it is essential to summarize the key results ob-
tained from the previous chapters. The dynamic model derived earlier accurately captures the
coupling effects among the cable lengths, load position, and orientation, providing a reliable
foundation for control development. Building upon this model, this chapter aims to design a
control strategy that ensures the coordinated motion of the two cranes while maintaining the de-
sired load position and suppressing undesired sway. To this end, the control objectives and the
main properties of the system are first discussed, followed by the detailed design and analysis

of the proposed control method.

5.1 Control Objectives and System Properties

In practical applications, the dual crawler crane system requires extremely high installation
precision, as the load must be lifted from a known initial configuration to a specified target
position. The cooperative manipulation of the two cranes is achieved by simultaneously regu-
lating the lengths of the two hoisting cables, which determine both the load position (x,y) and
its orientation . The length of each cable is controlled through command signals sent to the
crane’s hoisting system. These signals regulate the operation of the winch, which adjusts the
cable length by varying the rotational speed of its driving motor. In essence, the motor speed
directly determines the rate at which the cable is wound or unwound, thereby controlling the

motion of the suspended load.

The main control objective is to design a controller capable of guiding the load toward the
desired installation position with high positioning accuracy, while effectively suppressing load

swing during the lifting process.

The control objective in this work is defined over a finite time interval [0, ¢, correspond-
ing to the duration of the hoisting operation. Unlike asymptotic control schemes, which require
convergence as ¢ — oo, the present problem focuses on achieving the desired configuration

precisely at the prescribed final time ¢ .

The hoisting task is defined on the finite horizon [0, ¢ ¢]. Only the initial and final positions

83
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of the load center are prescribed,

(2a(0), 9a(0)),  (zalty), yalty)),

and both endpoints are required to be equilibrium configurations. The associated equilibrium

orientation and cable lengths are obtained through the equilibrium map geq(-),

(L1a(0), L2a(0), 7a(0)) = geq (7a(0), ya(0)),
S.D

(L1a(ts), Loalts), va(ts)) = geq(xa(ts), ya(ts)).

The desired trajectories are first designed for Lq4(t) and ~4(¢) by smoothly connecting
their equilibrium values at the initial and final configurations using a velocity constrained pro-
file. Then, based on these reference curves of Ly4(t) and ~4(t), the corresponding Loy(t) tra-
jectory is computed from the static equilibrium equations. This procedure ensures that every
point along the designed reference path satisfies the equilibrium condition. L14(t), Lag(t) and
4(t) denote the velocity of the cable and . During the design stage the cable velocity limits
are enforced,

1L1a(t)] € Vinax, V1t € [0,14], (5.2)

and workspace bounds are respected.

At the final time ¢ the load must reach the desired position and the induced equilibrium

orientation within small tolerances ¢,, €, €,
[2(ty) —za(ty)l <eoy  (ylty) —waltp) < ey [v(tyr) —valty)] < e (5.3)

The controller acts on cable lengths and enforces terminal consistency with the designed
references,
|Li(ty) = Lia(ty)| <er,, i=1.2, (5.4)

while satisfying the cable velocity limits and the workspace constraints for all ¢ € [0, 7].

5.2 Desired Velocity Profile Design

To ensure smooth motion of the suspended load and compliance with the cable velocity con-
straints, the desired reference trajectories of Li4(t) and ~,4(t) are generated using a seventh
order polynomial velocity profile. Compared with fifth—order or trapezoidal profiles, the sev-
enth—order form provides zero initial and final velocity, acceleration, and jerk. This guaran-
tees continuity up to the third derivative of position (i.e., C® smoothness), meaning that the

trajectory has no discontinuities in position, velocity, acceleration, or jerk. Such high—order



5.2. Desired Velocity Profile Design 85

smoothness eliminates abrupt changes in the dynamic response and is particularly important

for minimizing residual oscillations of the lifted load.

For variable L; and v, given its initial and final equilibrium values 7 and 7, over the finite

motion interval [0, /], the desired trajectory is defined as
ra(t) = ag + art + ast® + ast® + agt* + ast® + agt® + ast’. (5.5)
Imposing zero velocity, acceleration, and jerk at both endpoints leads to

ap =1rg, a3 =az=az =70,

=350 gy U o),
t t
! f
a6 =70 1 _ ) = ool — o)
t t
! f
The corresponding velocity profile is
. _drg _ 3 4 5 6
T’d<t) = % = 4&425 + 5@525 + 6a6t + 761715 N (56)

which automatically starts and ends at zero and reaches its maximum around the midpoint of

the motion.

To satisfy the physical limits of the hoisting mechanism, the cable velocities are restricted
as
|L1a(t)] < Vi, Yt € [0,2]. (5.7)

After computing the initial trajectory, the peak cable speed 7,, = max; |74(t)| is evaluated. If

T'max > Vi max, the motion duration ¢ is uniformly scaled by a factor

7:'max
= , tr <+ pty, 5.8
P Vo TP ©-8)

and the polynomial coefficients are recalculated accordingly. This time scaling adjustment
ensures that the designed profile strictly respects the cable velocity constraints without altering

its geometric shape.

The complete trajectory generation process can be summarized as follows:
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Algorithm 5: Seventh Order Polynomial Trajectory with Velocity Constraint
Input: ry, 7, nominal duration ¢, velocity limit Vi,

Output: Trajectory 74(t) satisfying |74(f)| < Vipax
Compute Ar =7y — 7¢;
Compute coefficients ag . . . ar;
Compute 74(t) and 7yax = maxy |74(%)][;
if 70k > Viax then
Set p = Tmax/Vinaxs Ly < piy;
Recompute coefficients a;, using new t;
end

Return r4(t) satisfying the velocity constraint;

The above procedure is applied to each reference variable Ly4(t) and 74(¢). Given the
initial equilibrium configurations (L14(0), L24(0),74(0)) and final equilibrium configurations
(L1a(ty), Loa(ts), va(ts)), each reference trajectory is generated independently by the polyno-
mial function. Because the seventh order polynomial ensures smooth first, second, and third
order derivatives, the resulting motion of the suspended load remains continuous in position,
velocity, and acceleration, thereby reducing dynamic oscillations and internal tension peaks in
the cables.

The design of Lo,(t) is not independent; instead, it depends on the previously generated
trajectories L1,4(t) and 74(t) in order to satisfy the equilibrium condition at each time instant.
This sequential design procedure ensures that the desired reference trajectories are always con-
sistent with the system’s static equilibrium relationships. Such a formulation not only simplifies
the control problem by reducing dynamic coupling effects, but also guarantees that when a hor-
izontal lifting motion is required i.e., when ~4(¢t) = 0 is prescribed the desired orientation

remains identically zero throughout the entire operation.

This design provides a practical balance between smoothness, computational simplicity,
and constraint feasibility. By enforcing the cable velocity limits at the design stage, the refer-
ence trajectories are guaranteed to be dynamically feasible and compatible with the mechanical
limits of the dual crane system. Consequently, the subsequent controller can focus purely on
accurate tracking of the desired profiles without the need for additional constraint handling,
which simplifies the control implementation and enhances system stability. The following ex-

ample illustrates how to generate the desired trajectories based on the above algorithm.

Using the parameters in Table 5.1, the results in Fig. 5.1 are obtained. It can be observed
that the load reaches the final position at =20 s without exceeding the maximum velocity limit.

Moreover, the velocity, acceleration, and jerk are exactly zero at ¢=0s and ¢=20s.

When the final time ¢ is initially set to 10, the generated trajectory is shown in Fig. 5.2.

Since the maximum velocity limit V., is exceeded, the algorithm automatically adjusts the
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Table 5.1: Desired trajectory parameters.

Parameter Symbol Value / Unit
Initial position To Om
Final position s 3m
Time ty 20s
Maximum velocity — Vj,4z 0.4 m/s
Position
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Figure 5.1: Desired trajectory with initial setup ¢ = 20 s.
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Figure 5.2: Desired trajectory with initial setup ¢; = 10 s.

motion duration to 16.5 s. In this case, the peak velocity becomes 0.4 m/s, remaining within the

specified velocity constraint.



5.3. PID-Based Coupled Error Compensation Control 88

This algorithm guarantees that the designed velocity profiles are smooth and strictly satisfy
the cable velocity constraints. When the initially assigned task duration is too short and causes
the cable velocity to exceed the admissible limit, the algorithm automatically adjusts the motion
time until feasibility is achieved. As a result, there is no need for repeated manual tuning of
the task duration to satisfy the velocity constraint, the method directly provides the minimum

feasible motion time that ensures compliance with the cable velocity limits.

5.3 PID-Based Coupled Error Compensation Control

5.3.1 Controller Development

The DCC system under consideration is an underactuated mechanical system, where the num-
ber of controlled variables exceeds the number of available control inputs[103]. In particular,
the control inputs act directly on the cable lengths L, and Ls, while the load orientation ~y can-
not be actuated directly and must instead be regulated indirectly through the coupled motion of
the two cranes. This strong dynamic coupling among Lq, Lo, and v makes the overall control
problem significantly more challenging, as the system exhibits nonlinear and underactuated

characteristics that are sensitive to parameter variations.

To overcome these difficulties, a coupled error compensation control strategy is adopted,
which exploits the mutual coupling between the actuated and unactuated coordinates. The basic
idea is to design control error signals that not only include position and velocity errors of each
cable but also incorporate an additional compensation term associated with the load orientation
error (7 — 74). This coupling structure enables active damping of the load swing through the

coordinated motion of the two cranes.

PID control laws are selected for this application because of their well known robust-
ness, ease of implementation, and effectiveness in handling uncertain nonlinear dynamics when
properly tuned. A PID controller combines three control actions: the proportional term (f,;e;)
provides an immediate response to the current error, the integral term (/; f e;dt) compensates
for steady-state offset, and the derivative term (K 4€;) contributes to anticipative action and
damping. Such a structure is particularly effective for mechanical systems like cranes, where

the motion must be smooth, oscillations must be minimized, and model uncertainties may exist.

The control inputs 7; (« = 1, 2) applied to the winch drives are therefore expressed as
t
0

These two control inputs correspond to the elements of the generalized force vector u =

i
[7‘1 (1), 72(1), O] in the previously derived dynamic model Eq. (4.53). The fact that the control
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input associated with v is zero further confirms that the system is underactuated, as the load
orientation cannot be directly controlled but only influenced through the coordinated actions of
the two cable forces. Here, K,;, K;;, and K4 denote the proportional, integral, and derivative
gains of the i-th crane, respectively. Their tuning is carried out to achieve a trade-off between

fast response, limited overshoot, and sufficient damping of the load oscillations.

The key component of the proposed strategy lies in the definition of the control error

signals are defined as

e1(t) = Lia — Ly +mi(Lia — L) — ma(y — 7a),
(5.10)

e2(t) = Laq — Lo + mo1(Lag — L2) + na2(y — 7a),
where 7;; > 0 (¢, j = 1, 2) are positive design parameters acting as coupling gains.

Each error signal ¢;(t) combines three components: 1. the cable velocity tracking error

(Lig — L;); 2. the cable length tracking error (L;; — L;) weighted by 7;;; and 3. a coupling

compensation term related to the load swing angle (v — v,4), weighted by 7;s.

The purpose of the last term is to introduce an active interconnection between the two
crane subsystems, so that orientation deviations of the load induce corrective actions on the ca-
ble velocities. Specifically, the sign of the coupling term is opposite in the two error equations:
a negative sign in e;(¢) and a positive sign in e5(t). This choice is physically consistent with
the geometry of the dual crane system. When the load rotates clockwise (i.e., 7 > 74), the left
cable (L) should slightly shorten while the right cable (L5) should slightly lengthen to restore
the equilibrium orientation. By assigning opposite signs to the y-related terms, the control ac-
tion automatically generates a restoring torque that counteracts the swing motion and drives
back toward ~,. This mechanism effectively couples the two cable subsystems, allowing the

unactuated variable 7 to be indirectly stabilized through coordinated variations of L; and Ls.

The error dynamics defined in Eq. (5.10) provide the basis for the coupled PID control
structure. Once the signals e; (¢) and eq(¢) are driven to zero, both the cable lengths and the load
orientation converge toward their desired trajectories, achieving coordinated load positioning

and swing suppression.

The controller gains appearing in the error dynamics of Eq. (5.10) were selected fol-
lowing a structured tuning procedure. The proportional, integral, and derivative gains of the
PID controller were initially chosen according to classical qualitative tuning principles widely
adopted in the PID control literature [104, 105]. In particular, the proportional gain was ad-
justed to shape the overall responsiveness of the cable velocity tracking, the integral gain was
introduced to compensate steady-state errors arising from modeling inaccuracies and constant
disturbances, and the derivative gain was used to provide additional damping and mitigate os-

cillatory behavior induced by the coupled crane dynamics. These principles were employed to
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obtain a stabilizing initial set of gains with satisfactory transient performance.

Starting from this initial configuration, the PID gains were further refined through
simulation-based tuning in order to account for the nonlinear, constrained, and cooperative na-
ture of the dual-crane system. During this refinement stage, the proportional gains were tuned
to balance tracking accuracy and robustness, the integral gains were kept sufficiently small to
avoid slow oscillations and windup effects, and the derivative gains were adjusted to improve

damping without amplifying measurement noise.

The coupling gains 7,; were then tuned by explicitly exploiting the structure of the com-
posite error signals. The gains 7);; associated with the cable length errors were first adjusted to
ensure adequate convergence of L; toward L;; while preserving coordinated motion between
the two subsystems. Subsequently, the gains 7,5 related to the load orientation error were pro-
gressively increased to enhance the attraction of the closed-loop trajectories toward the equi-
librium manifold. Since the load orientation + is not directly actuated, larger values of 7,> were

required to effectively suppress attitude deviations while maintaining smooth control actions.

The final parameter values represent a compromise between tracking accuracy, swing sup-
pression, coordination effectiveness, and robustness, and were validated through extensive sim-

ulation studies.
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Algorithm 6: Simulation and Control Procedure

Input: Initial and final load coordinates (x¢, yo) and (zy, yy), total lifting time ¢,
physical parameters (m, g,d, X;,Y;),i = 1, 2, controller gains.
Output: Time histories of (L1, Lo, 7y, x, y) and performance indices.

1. Initialization:
Set the simulation step and time grid.
Load system parameters including mass, gravity, load half-length, anchor coordinates

and friction matrix.

2. Equilibrium Configuration:
Using equilibrium equation to compute the initial and final static equilibrium states
(L1(0), L2(0),~(0)) and (L1 (ts), La(ty),y(tr)) based on the given load positions.

3. Desired Trajectory Generation:

Use a smooth polynomial generator Algorithm 5 to create reference trajectories Ly,4(t)
and 74(t) ensuring zero initial and final velocities. Then, Lo4(t) is computed from the
equilibrium equations using the predefined Li4(t) and ~y4(t).

4. Evolution of Dynamic Systems:
At each time step, execute the following:

1. Compute cable angles o, as by solving geometric constraints Algorithm 4.
2. Evaluate composite error signals ey, e; for L1 and Ls.

3. Update the state derivatives ¢ and g.

5. Post-Processing:
Reconstruct the load center coordinates (x, y) through the forward kinematics
Eq. (4.19).

6. Visualization and Results:
Plot time histories of actual and desired Lq, Lo, and 7.

Plot cable velocities Ll, Lg, and load position (x,y) variations.

5.3.2 Discussion on the Stability of the Closed-loop System

The control inputs 7; (i = 1,2) applied to the winch drives are generated by PID controllers
acting on the coupled error signals e () and e5(t), as defined in Eq. (5.10). These error signals
depend on the cable length tracking errors L;; — L;, the velocity tracking errors Lid — Li, and the
attitude tracking error -y — 4. When e;(t) and e (t) converge to zero, both cable lengths and the
load orientation converge to their desired trajectories, leading to coordinated load positioning

and swing suppression.
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Before proceeding with the stability discussion, it is worth clarifying the role of the equi-
librium configurations in the controller design. The reference trajectories considered in this
work are generated so that, at each time instant, they correspond to a statically balanced con-
figuration of the suspended load. Accordingly, the closed-loop objective is not to stabilize the
system around a single fixed equilibrium point, but to keep the system state close to a family
of equilibrium configurations that evolve over time. The controller is designed to reduce devi-
ations from these equilibrium configurations through the coupled error signals, while allowing
the desired motion to progress smoothly along the reference trajectory. From this viewpoint,
the stability discussion focuses on the suppression of tracking errors around the equilibrium

configurations rather than on pointwise stabilization.

We now discuss why the proposed control law, when combined with the trajectory gener-
ation strategy, maintains stable closed-loop behaviour along the motion. For this purpose, let
(L1, Lo, 7y) denote the cable lengths and the load attitude angle of the DCC system. The desired
trajectories Li4(t) and Log(t) are smooth and slowly varying, and the desired attitude is defined

Ya(t) = Yeq(L1a(t), Laa(t)),

where 7eq (L1, Lo) is the equilibrium attitude satisfying the equilibrium equation derived earlier

in Section 4.6. The set of all such equilibrium configurations forms the equilibrium manifold

M = {(LDL?”Y) Y= ’qu(LlaLQ)}7

previously introduced and discussed. By construction, the reference trajectory evolves on M,
ensuring that every reference point corresponds to a balanced configuration of the suspended
load.

When the cable lengths (L1, L) are held constant, the attitude dynamics along M include
viscous friction terms that dissipate energy, and therefore + naturally converges to Yeq(L1, L2).
Moreover, in the full DCC dynamics all generalized coordinates (L1, Lo, y) are subject to vis-

cous damping through the term —F'¢ in
M(q)i+C(q,9)q+ Glq) = u— Fq.

Thus, both the attitude and the cable-length dynamics possess intrinsic dissipativity, which pro-
motes the decay of tracking errors and contributes to the open-loop attractivity of the subsystem
dynamics along M. A similar dissipative effect has been analysed for container cranes in Bar-
tolini et al. [86], where damping plays a key role in ensuring asymptotic convergence of the
swing dynamics on an appropriate manifold. Although the control framework in [86] differs
from the PID-based approach adopted here, the qualitative behaviour of the attitude dynamics

is consistent with the open-loop convergence observed on M.

To analyse the behaviour of the complete closed-loop system, the desired trajectories
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Ly14(t) and Loy(t) are regarded as slowly time-varying scheduling variables,

o(t) = [L1a(t), Laa(t)].

If the reference were frozen at ¢ = &, the closed-loop system would be time invariant, and the

tracking-error vector z(¢) would satisfy the linearized dynamics
2=A.0)z,

where A.(7) is the closed-loop Jacobian at the corresponding equilibrium. Since A.(7) is

Hurwitz for every admissible 7, all frozen-time closed loops are locally asymptotically stable.

The actual system is time-varying because the scheduling variables o(t) change during
motion. Several classical results in the gain-scheduling and linear parameter-varying literature
[106—108] provide sufficient conditions for guaranteeing the stability of parameter-varying sys-
tems by imposing upper bounds on the rate of change of the scheduling parameters. However,
these conditions are typically very conservative: the admissible parameter variation rates are of-
ten so small as to be practically meaningless, and the computed upper bounds depend strongly
on the specific analytical procedure used to derive them, usually diverging significantly from
the true bounds of the system. In particular, Shamma [107] developed a Lyapunov-based the-
oretical framework for analyzing gain-scheduled controllers, establishing sufficient conditions
under which a time-varying system remains exponentially stable provided that the scheduling

parameters evolve slowly.

Corriga et al. [109] applied these ideas to a crane model in which the rope length is the
varying parameter. By introducing a suitable time-scaling transformation, they reduced the
family of frozen models to a single time-invariant representation and designed an implicit gain-
scheduling controller. A Lyapunov-like theorem due to Shamma was then used to estimate an
upper bound on the admissible rope-length variation rate ensuring closed-loop stability under
nominal operating conditions. As reported in their study, even with this approach the resulting
bounds remain difficult to compute precisely and are often overly conservative. This difficulty
is also present in our DCC setting: determining a precise upper bound on ||5(¢)|| is challenging

due to the complex and nonlinear coupling of our crane model.

Nevertheless, these studies support the following qualitative rule: if all frozen-time closed
loops are stable and the scheduling variables vary sufficiently slowly, then the behaviour of the
time-varying gain-scheduled system remains close to that of the frozen systems and preserves
their stability properties. In our case, o(t) = [L14(t), L24(t)] is generated by a smooth trajectory
planner, ensuring a small rate ||5(¢)|| and therefore a closed-loop behaviour consistent with the

above gain-scheduling principle.

Based on the above considerations, the following conclusion can be drawn: the frozen-

time closed loops are stable, the drift induced by the time-varying reference is sufficiently
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slow, and the intrinsic damping of the system suppresses the perturbations generated by this
drift. As a result, the overall closed-loop behaviour of the DCC system is expected to remain
stable throughout the motion. This conclusion is supported by the numerical results presented
in Section 5.4.3. For all four operating modes and a simulation horizon of 400 s, the attitude

tracking mean absolute erro satisfies
1Y (t) = Yeq(L(t), La(t))| < 6 x 107°,

demonstrating that the system is able to track the slowly varying reference trajectory on the
equilibrium manifold with high accuracy. This level of tracking performance is consistent
with the gain-scheduling stability principle and provides supportive evidence regarding the

effectiveness of the proposed control strategy.

5.4 Simulation Case Study

To validate the effectiveness of the proposed dynamic model and the control strategy, two
representative simulation cases are carried out using the DCC system. The objective of these
simulations is to evaluate the system behavior, trajectory tracking performance, and load swing

suppression capability under different geometric configurations.

The first case considers a perfectly symmetric setup, where the two cranes are identical
and their boom tip anchor points are positioned at the same height and equidistant from the
load centerline. This configuration allows highlighting the intrinsic symmetry of the system

and provides a clear reference for analyzing the cooperative lifting behavior.

The second case investigates a more general and realistic scenario, where the cranes differ
in geometry and their anchor points are located at different heights. This asymmetrical configu-
ration introduces coupling imbalances and nonuniform load distribution, representing practical
conditions frequently encountered in real construction and industrial hoisting tasks. Compar-
ing the results of the two cases enables a comprehensive assessment of the proposed control

scheme’s adaptability to varying system geometries and operational conditions.

5.4.1 Case 1: Symmetric Configuration with Horizontal Hoisting Task

In this case, we simulate a representative lifting operation that commonly occurs in real in-
dustrial and civil engineering projects. The scenario corresponds to a cooperative hoisting
task where the load must be lifted vertically while maintaining a strictly horizontal attitude
throughout the entire motion. This type of operation is typical in the installation of large bridge
segments, prefabricated building components, or cylindrical vessels in petrochemical plants,

where even a slight angular deviation of the lifted structure may cause significant alignment
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errors or mechanical stress concentrations during assembly. In such lifting operations, crawler
cranes offer significant practical advantages. Before the hoisting process begins, both cranes
can be repositioned relative to the load, and their boom lengths and inclination angles can be
adjusted independently. Through these preliminary adjustments, the two cranes can be config-
ured into an approximately symmetric arrangement with respect to the load centerline. This
flexibility makes it possible to establish an optimal initial configuration that minimizes load
imbalance, ensures equal tension in both cables, and facilitates a stable and coordinated lifting

motion.

To replicate these practical conditions, the two crawler cranes are assumed to be identical
and symmetrically arranged with respect to the load centerline. Their boom anchor points are
positioned at the same height and have equal horizontal distances from the midpoint of the
load in the initial configuration. Under this geometric symmetry, both cranes are expected to
share the lifting effort equally, resulting in a uniform tension distribution along the cables. The
control objective is to ensure that the load is hoisted along a vertical path, reaching the target

height while keeping its orientation angle « constant and close to zero during the entire motion.

This symmetric configuration provides an ideal baseline for assessing the performance
of the proposed control strategy under well-balanced conditions. It enables a clear evaluation
of how accurately the controller can coordinate the motion of both cranes, achieve synchro-
nized cable length variations, and suppress residual oscillations of the load without introducing
undesired rotations. Moreover, the insights gained from this controlled and symmetric setup
will serve as a reference for analyzing more complex and asymmetric configurations in the

following section.
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Figure 5.3: Case 1: Configuration that allows hosting the load keeping it always horizontal:here
z(0) = z(tf) = (X1+ X2)/2.

Fig. 5.3 illustrates the schematic configuration of the dual crawler crane system under the
symmetric arrangement. The corresponding crane parameters and controller gain values used

in the simulation are listed in Table 5.2.



5.4. Simulation Case Study 96

Table 5.2: Case 1 parameters of the DCC system.

Parameter and gain Symbol Value / Unit
Coordinate of the boom 1 anchor (X1, Y1) (20, 100) m
Coordinate of the boom 2 anchor (X, Y5) (100, 100) m
Mass of the load m 2000 kg
Half length of the load d 10 m
Gravitational acceleration g 9.81 m/s?
Friction coefficients F diag(0.1,0.1,0.05)
Initial load coordinate (x(0), y(0)) (60, 30) m
Final load coordinate (x(tr), y(ty)) (60, 60) m
Total simulation duration ty 200 s
Maximum cable velocity Vimaz, 1t = 1,2 0.3 m/s
Coupling gains Ni1,t = 1,2 3
Coupling gains Noiyt = 1,2 200
Proportional gain Kpi,i=1,2 100
Integral gain Kij,7=1,2 0.8
Derivative gain Kg,i=1,2 5

The simulation is carried out in MATLAB. Based on the specified initial and final coordi-

nates of the load, the corresponding equilibrium configurations are first computed as follows

L1(0) = 76.157, L,(0) = 76.157, ~(0) =0,
Lyi(ty) =50, La(ty) =50, ~(ty)=0.

The smoothly designed reference trajectories L14(t), Log(t), and ~y,4(t), together with their ac-
tual responses, are shown in Fig. 5.4. It can be observed that the actual trajectories of both
cables perfectly coincide with their reference profiles, while the deviation between the actual
and desired values of v remains very small. Fig. 5.5 also illustrates the time evolution of these
tracking errors, showing that the cable length errors are within the millimeter range. Fig. 5.6
shows the velocity profiles of the two cables. It can be seen that the velocity trajectories are

smooth and remain entirely within the maximum cable velocity constraint of 0.3 m/s.

Fig. 5.7 presents the time histories of the load coordinates x(t) and y(t). The horizontal
position z(¢) remains constant throughout the motion, while the vertical coordinate y(t) in-
creases smoothly until the load reaches the prescribed target position at the end of the lifting
process. Fig. 5.8 shows the load trajectory in the Cartesian plane. Since the system adopts a
symmetric configuration and the desired motion is designed to maintain the load in a horizontal

attitude, the resulting trajectory is vertical. The distribution of the sampled points, denser at the
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Figure 5.4: Case 1: Actual and desired cable lengths and load angle vs time.

5 %1073 Tracking Errors
—cy,
—_CL,
. 1r %
S)
g
Sa
g0
=
(&)
£
L |
-2 I 1 I
0 50 100 150 200

Time (s)

Figure 5.5: Case 1: Tracking errors between actual and desired cable lengths and load angle.

beginning and end of the motion and sparser in the middle, reflects the velocity profile adopted

for the lifting process: a smooth acceleration phase, a quasi-uniform mid-motion, and a deceler-

ation phase before reaching the target position. Fig. 5.9 shows the time evolution of the control

inputs 7; and 7, corresponding to the two cable actuators. After a short initial transient, both

inputs evolve smoothly and remain bounded throughout the lifting process, indicating that the

control law does not rely on abrupt or oscillatory actuation. The two control inputs exhibit very

similar profiles over the entire motion, which is consistent with the symmetric configuration

adopted in Case 1 and with the vertically oriented reference trajectory. The small differences
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Figure 5.6: Case 1: Actual and desired cable velocity vs time.
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Figure 5.7: Case 1: Coordinate of the load vs time

between 7; and 7, are attributable to transient effects and dynamic coupling, and do not indicate
any significant imbalance in the actuation effort. Overall, the smooth and monotonic evolution
of the control inputs is coherent with the observed load trajectories and confirms that the pro-
posed reference generation and control strategy yield stable and well-conditioned closed-loop
behaviour in the symmetric lifting scenario. These results confirm that the proposed reference
trajectory design enables the load to move vertically while preserving the horizontal orientation

throughout the entire lifting motion.

For this case, the system is designed such that the initial and final configurations corre-
spond to static equilibrium conditions. This ensures that the load starts and finishes the motion

at stable equilibrium points, although during the lifting phase the system does not necessarily
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Load Trajectory in Cartesian Plane
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Figure 5.8: Case 1: Load trajectory in Cartesian plane.
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Figure 5.9: Case 1: Time evolution of the control inputs 7; and 7.

remain in equilibrium at every instant. However, under this symmetric configuration, maintain-
ing a purely vertical lifting trajectory inherently preserves the equilibrium condition throughout
most of the motion. This geometric symmetry effectively enhances the control performance,

as the system experiences minimal coupling effects and the load orientation remains well bal-

anced.

The results of this case study confirm the effectiveness of the proposed control law in
achieving accurate trajectory tracking and stable cooperative lifting. Furthermore, this sym-

metric scenario provides a solid reference basis for the subsequent analysis of asymmetric

configurations.
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5.4.2 Case 2: Asymmetric Configuration with Horizontal Hoisting Task

Case 2 considers an asymmetric geometric configuration, as illustrated in Fig. 5.10. In this
layout, the boom anchor anchor points of the two cranes are positioned at different heights,
resulting in an unequal geometry between the two lifting subsystems. Such a configuration
implies that, even if the load is required to remain horizontal throughout the lifting process, the
system cannot maintain an exact equilibrium condition at every instant. The inherent geometric
imbalance introduces additional coupling effects and nonlinear interactions between the two

cranes, which significantly increase the complexity of the control problem.

This scenario is highly representative of real construction and industrial lifting tasks,
where it is often impossible to deploy two identical cranes or to achieve a perfectly symmetric
arrangement. Differences in crane structure, capacity, or working height may lead to unavoid-
able geometric asymmetries. Under these conditions, maintaining a strictly horizontal attitude
of the load during vertical lifting becomes a demanding control objective, requiring precise

coordination between the cable velocities of both cranes.

The simulation of this asymmetric case serves to assess the robustness and adaptability
of the proposed control strategy under nonideal working conditions. By testing the controller
in this more challenging configuration, we verify its capability to compensate for geometric
imbalance and maintain accurate load alignment, thus demonstrating its potential applicability

to a broad range of practical cooperative hoisting operations.

The objective in Case 2 is to reach the same final lifting height y(¢) as in Case 1 within
a prescribed time horizon while maintaining a strictly horizontal load attitude y(¢¢) = 0. This
procedure ensures that the load remains horizontal throughout the entire lifting process. It
also explains why Ly,4(t) and v,4(¢) are designed first, followed by Lo4(t). Otherwise, in this
asymmetric configuration, if L14(¢) and Lo4(t) were designed independently, the correspond-
ing equilibrium trajectory v4(¢) could not remain zero, and the load would fail to maintain a
perfectly horizontal attitude during the motion. The simulation parameters and controller gains

are reported in Table 5.3.

Based on the specified initial and final coordinates of the load, the corresponding equilib-

rium configurations are first computed as follows

L1(0) = 55.902, Ly(0) = 78.262, ~(0) =0,

Li(t;) = 28.284, Ly(t;) = 56.569, ~(t;) = 0.

Fig. 5.11 presents the time histories of the cable lengths and the load orientation angle . It

can be observed that the actual trajectories of both cables perfectly coincide with their reference
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Figure 5.10: Case 2: Asymmetric setup under which the load is hoisted while maintaining a
horizontal orientation from start to finish.
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Figure 5.11: Case 2: Actual and desired cable lengths and load angle vs. time.

profiles, while the deviation between the actual and desired values of v remains very small.
The detailed tracking errors are illustrated in Fig. 5.12. The deviation is extremely small and
gradually converges to zero, fully meeting the precision requirements of industrial installation
standards. Compared with the tracking errors shown in Fig. 5.5 of Casel, the results are nearly
identical, indicating that even under the asymmetric geometric configuration, the system can

still achieve stable lifting and equivalent trajectory tracking performance.

Fig. 5.13 shows the velocity profiles of the two cables, clearly indicating that the maxi-
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Table 5.3: Case 2 parameters of the DCC system.

Parameter and gain Symbol Value / Unit
Coordinate of the boom 1 anchor (X1, Y1) (20, 80) m
Coordinate of the boom 2 anchor (X, Y5) (100, 100) m
Mass of the load m 2000 kg
Half length of the load d 10 m
Gravitational acceleration g 9.81 m/s?
Friction coefficients F diag(0.1,0.1,0.05)
Initial load coordinate (x(0), y(0)) (55,30) m
Final load coordinate (x(tr), y(ty)) (50, 60) m
Total simulation duration ty 200 s
Maximum cable velocity Vimaz, 1t = 1,2 0.3 m/s
Coupling gains i1, 0 = 1,2 15
Coupling gains Mgyt = 1,2 200
Proportional gain Kpi,i=1,2 100
Integral gain Kij,7=1,2 0.8
Derivative gain Kg,i=1,2 5
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Figure 5.12: Case 2: Tracking errors between actual and desired cable lengths and load angle.

mum cable velocity constraint is fully respected throughout the motion. Meanwhile, Fig. 5.14
presents the time evolution of the load coordinates x(t) and y(¢). Both trajectories exhibit
smooth transitions without noticeable oscillations, and the load successfully reaches the pre-
scribed target position at the end of the lifting process. Fig. 5.15 depicts the corresponding
load trajectory in the Cartesian plane for the asymmetric configuration. Although the cranes
are positioned asymmetrically, the reference trajectories of the cable lengths are designed to
ensure that the load remains horizontal during the entire motion. As a result, the load follows a

smooth curved path instead of a purely vertical line, which reflects the geometric asymmetry of
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Figure 5.13: Case 2: Actual and desired cable velocity vs time.
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Figure 5.14: Case 2: Coordinate of the load vs. time

the system and the coupled variation of the two cable lengths required to maintain equilibrium.
The time markers along the trajectory indicate that the motion starts and ends slowly while
accelerating smoothly in the middle, consistent with the desired velocity profile. Fig. 5.16 re-
ports the time evolution of the control inputs 7; and 7, for Case 2. Similarly to Case 1, after
a short initial transient both inputs remain bounded and vary smoothly over the entire lifting
interval, indicating a well conditioned control action without aggressive actuation. Compared
with the symmetric scenario, the two control inputs no longer overlap exactly, reflecting the
asymmetric reference generation adopted in Case 2. Nevertheless, their temporal profiles re-
main closely matched and exhibit a consistent long-term trend, showing that the control effort

is properly distributed between the two actuators despite the geometric asymmetry. Overall,
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Figure 5.15: Case 2: Load trajectory in Cartesian plane.
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Figure 5.16: Case 1: Time evolution of the control inputs 7; and 7».

the behaviour of 71 and 7, is coherent with the load motion observed in Fig. 5.7 and confirms
that the proposed control strategy preserves smooth and stable actuation also under asymmetric
lifting conditions. These results demonstrate that the proposed trajectory generation method
effectively guarantees horizontal lifting and smooth motion even under asymmetric crane con-

figurations.

The simulation results of Case 2 demonstrate that even for a geometrically asymmetric
dual crawler crane configuration, the proposed control strategy remains effective in suppressing
load oscillations during the lifting process. It ensures smooth trajectory transitions of both the

cables and the load while accurately reaching the desired final position at the prescribed time.
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Taken together, the two case studies represent the vast majority of practical cooperative hoisting
scenarios encountered in real operations. Hence, the proposed method can effectively enhance

lifting efficiency while maintaining safe and stable operation of the dual crane system.

5.4.3 Case 3: Three Phase Hoisting Task with Load Rotation

In practical applications, some lifting tasks require not only a horizontal transfer of the load,
but also a large rotation of its attitude during the maneuver. A representative example is the
installation of a wind turbine tower segment, which is initially stored in a horizontal configu-
ration on the ground or on supports and must be brought to a final vertical configuration at the

installation site.

A typical operational procedure can be described as follows. At the beginning of the
maneuver, the two crawler cranes are connected to the tower segment through cables that are
not vertically aligned with the load. As a result, the initial geometric configuration corresponds

to a horizontal orientation of the tower with a load angle v = 0, as illustrated in Fig. 5.17.

(XI’YI)
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1
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(), J’(fh)),"

Crane 1

Py (x4, y1)
0 (x(0), ¥(0)) x

Figure 5.17: Case 3: Illustration of the initial horizontal lifting phase with clearance condition
h > 2d.

In the first phase, both cranes lift in a coordinated manner by adjusting their cable lengths
to raise the tower while maintaining a nearly horizontal attitude. The primary objective of this
phase is to increase the vertical position of the tower until its height exceeds its own length.
Under the geometric model adopted in this work, this condition can be expressed as h > 2d,
which guarantees sufficient ground clearance and avoids interference with surrounding struc-

tures prior to the onset of rotation.

In the second phase, the rotation of the tower is performed. One crane cable is gradually

lengthened, while the other is kept approximately constant or adjusted in a coordinated manner.
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Figure 5.18: Case 3: Illustration of the rotation phase, in which the load angle transitions from
~v = 0toy = —m/2 while maintaining the same initial and final vertical position.

This results in a smooth rotational motion of the tower about a moving instantaneous center,
as illustrated in Fig. 5.18. Consequently, the load angle v transitions smoothly from v = 0 to
v = —m /2. The rotation phase is designed such that the initial and final vertical positions of

the load coincide.

From an operational standpoint, this phase is required to remain quasi-static. The cable
length variations must be sufficiently slow and smooth in order to limit angular accelerations
and suppress excessive swing. This ensures that the dynamic loads acting on both cranes and

on the tower segment remain within acceptable limits throughout the rotation process.

It is worth noting that the admissible workspace defined in Chapter 4 is an open set, which
guarantees positive tension in both cables and well-defined equilibrium conditions. However,
boundary configurations corresponding to v = +7/2 can be interpreted as limiting cases of this
workspace and are of direct relevance in practical installation tasks. In Case 3, the desired final
configuration corresponds to such a boundary equilibrium, representing a fully upright tower.
The reference trajectories are therefore designed so that the system evolves strictly within the
interior of the admissible workspace during the lifting and rotation phases, while the boundary

configuration is approached smoothly only at the final stage of the maneuver.

In the final phase of the maneuver, the tower reaches a fully upright configuration. Sub-
sequently, the system performs a coordinated vertical hoisting motion toward the target instal-
lation position, as illustrated in Fig. 5.19. During this stage, both cranes remain connected to
the load, and the cable lengths are adjusted in a coordinated manner to preserve the upright

configuration and ensure a stable and controlled vertical motion.

The simulation of Case 3 is intended to further evaluate the versatility of the proposed

control framework under a more demanding cooperative hoisting task. In contrast to the pre-
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Figure 5.19: Case 3: Illustration of the final vertical hoisting phase with the load in an upright
configuration.

vious cases, this scenario involves a combined maneuver consisting of horizontal lifting, large
angle rotation, and subsequent vertical hoisting, which significantly increases the geometric
complexity and operational difficulty of the system. Such a maneuver is representative of prac-
tical installation operations, for example in wind turbine tower erection, where both position

regulation and attitude reorientation must be achieved in a coordinated and safe manner.

Owing to the increased complexity of the task and the strict safety requirements associated
with large payload manipulation, the maneuver is designed to remain quasi-static throughout
all phases. To this end, a relatively long simulation horizon of ¢, = 800, s is adopted, allowing
sufficiently smooth variations of the cable lengths and load angle. The simulation parameters

and controller gains are reported in Table 5.4.

The simulation is carried out in MATLAB. Based on the specified initial and final coordi-

nates of the load, the corresponding equilibrium configurations are first computed as follows

L1(0) = 104.403, L,(0) = 104.403, ~(0) =0,
Li(ty) =40, Lo(ty) =100, ~(ty) = —m/2.

Fig.5.20 shows the time histories of the cable lengths L;(t), Ly(t), and the load orientation
angle (t) for Case3. It can be observed that the actual cable length trajectories closely follow
their corresponding reference profiles throughout the entire maneuver, including the lifting,
rotation, and final vertical hoisting phases. The load orientation angle v also exhibits accurate
tracking performance, smoothly transitioning between different configurations as prescribed by

the reference trajectory. The corresponding tracking errors are reported in Fig.5.21. Although
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Table 5.4: Case 3 parameters of the DCC system.

Parameter and gain Symbol Value / Unit
Coordinate of the boom 1 anchor (X1, Y1) (20, 100) m
Coordinate of the boom 2 anchor (X, Y5) (100, 100) m
Mass of the load m 2000 kg
Half length of the load d 10 m
Gravitational acceleration g 9.81 m/s?
Friction coefficients F diag(0.1,0.1,0.05)
Initial load coordinate (x(0), y(0)) (60, 0) m
Final load coordinate (x(tr), y(ty)) (20, 50) m
Total simulation duration ty 800 s
Maximum cable velocity Vimaz, 1t = 1,2 0.4 m/s
Coupling gains Ni1,t = 1,2 5
Coupling gains Noiyt = 1,2 300
Proportional gain Kpi,i=1,2 100
Integral gain Kij,7=1,2 0.8
Derivative gain Kg,i=1,2 5
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Figure 5.20: Case 3: Actual and desired cable lengths and load angle vs. time.

Case3 involves a more complex motion sequence combining vertical lifting and large-angle
rotation, the tracking errors of both cable lengths and the load orientation remain bounded

within a small range and gradually converge toward zero.

Fig.5.22 illustrates the time histories of the cable velocities in Case3. Despite the increased
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Figure 5.21: Case 3: Tracking errors between actual and desired cable lengths and load angle.
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Figure 5.22: Case 3: Actual and desired cable velocity vs time.

maneuver complexity and extended operation time, both cable velocities accurately track their

references and remain within the prescribed limits throughout the motion.

Meanwhile, Fig. 5.23 illustrates the time histories of the load coordinates x(t) and ().
The horizontal and vertical motions exhibit smooth and continuous profiles over the entire ma-
neuver, with no abrupt changes or oscillatory behavior. The load reaches the prescribed target
position at the final time, confirming the effectiveness of the reference trajectory design and
the closed-loop control performance. Fig. 5.24 shows the corresponding load trajectory in the
Cartesian plane. The trajectory clearly reflects the three-phase maneuver, including the ini-
tial vertical lifting phase, the rotation phase with coupled horizontal and vertical motion, and

the final vertical hoisting phase toward the installation position. The time markers along the
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Figure 5.23: Case 3: Coordinate of the load vs time
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Figure 5.24: Case 3: Load trajectory in Cartesian plane.

trajectory indicate a slow start and stop with a smoother and faster motion in the intermediate
phase, which is consistent with the adopted high-order polynomial velocity profiles. The result-
ing path is smooth and well coordinated, demonstrating that the proposed strategy can handle

combined lifting and rotation tasks while maintaining stable and controlled motion.

Fig.5.25 reports the time evolution of the control inputs 7; and 7, for Case 3. Despite the
increased task complexity involving sequential lifting, rotation, and final vertical hoisting, both
control inputs remain bounded and exhibit smooth variations over the entire maneuver. After an
initial transient, no abrupt changes or high frequency oscillations are observed, indicating that

the proposed controller provides well conditioned actuation even under this more demanding
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Figure 5.25: Case 3: Time evolution of the control inputs 7; and 7.

operating scenario.

Overall, the simulation results of Case 3 demonstrate the effectiveness and robustness of
the proposed control strategy in handling a complex multi phase cooperative hoisting task. The
controller successfully coordinates the cable length variations to achieve safe clearance, con-
trolled rotation, and accurate vertical positioning, while maintaining smooth control inputs and
small tracking errors. These results confirm that the proposed approach is suitable for practical
cooperative hoisting operations that require combined lifting and large attitude reconfiguration

under stringent safety constraints.

5.4.4 Performance Analysis

In order to clarify what it means for the DCC system to perform in an acceptable or good
fashion, this section evaluates the behaviour of the controlled system under different reference
generation strategies and different lifting speeds. The purpose is to assess whether the controller
is able to ensure accurate tracking, limited load swing, and overall stable operation when the

desired trajectories are varied.

All simulations are carried out using the same initial and final configurations adopted in

Case 2, namely
((0),y(0),7(0)) = (55 m, 30 m, 0 rad), (x(ts),y(ts),v(tr)) = (50 m, 60 m, 0 rad).

Thus, every experiment begins and ends at the same equilibrium positions as in the Case 2.
In addition to the boundary conditions, all simulations share the same physical and modeling
parameters used in Case 2, including the boom anchor coordinates, the geometric properties of

the load, the friction coefficients, and the controller gains. This ensures that the only variations
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among experiments arise from the choice of reference generation mode and the prescribed

lifting duration.

To investigate the effect of lifting speed, four total durations are considered: 50s, 100s,
200s, and 400s. For each duration, four reference generation modes are tested in order to
analyse how different types of desired trajectories influence tracking accuracy and load stability.
This unified framework allows a systematic comparison of the controller performance across

different speeds and reference designs, while keeping all other parameters unchanged.

The four modes differ in which desired signals are prescribed and which variables are

recovered from static equilibrium at each time instant.

Mode A (L; | y). In this mode, the primary desired trajectories L14(t) and y,(t) are generated
using the seventh—order polynomial procedure described in Algorithm 5. These trajectories
satisfy zero initial and final velocity, acceleration, and jerk, ensuring a smooth evolution of
the prescribed variables. The remaining desired variables (Lo4(t), 74(t)) are computed at each
time instant from the equilibrium equation, which enforces the static force balance of the load.
Since 7 is not explicitly constrained in this mode, the resulting angle is determined purely by

the geometry of the configuration, and therefore 4(¢) # 0 in general.

Mode B (L; | x). As in Mode A, the desired trajectories for L4(t) and z4(t) are generated
by the seventh—order polynomial profile of Algorithm 5. At each time instant, the variables
(L24(t),v4(t)) are recovered by solving the equilibrium equation. Because the load angle is
not directly imposed in this mode, the geometric relation leads to a non zero desired angle in

general, i.e., v4(t) # 0, except for special symmetric cases.

Mode C (x | y). In this mode, the desired trajectory (z4(t),ya(t)) is specified. As before,
each of these two signals is generated using Algorithm 5 to ensure smoothness. The static
equilibrium relation is then solved at each instant to obtain (Ly,4(t), Lag(t),v4(t)). Since the
desired trajectory does not enforce horizontal lifting, the resulting angle v4() typically deviates

from zero except in symmetric configurations.

Mode D (L; | 7). This mode corresponds exactly to the reference design adopted in Case 2.
Here, the desired load angle is explicitly prescribed as v4(t) = 0 for all ¢, so the load is
required to remain perfectly horizontal throughout the motion. A smooth trajectory for Li,4(t)
is generated using Algorithm 5, and the remaining cable length Lo4() is computed at each time
instant by solving the equilibrium equation. Since the desired angle is imposed directly, this is

the only mode that guarantees horizontal lifting by construction.

The fundamental difference among the four reference generation modes lies in the choice
of the variables whose desired trajectories are specified a priori. Each mode reflects a different
operational objective that may arise in practical crane installation tasks, while the remaining

variables are recovered by enforcing static equilibrium conditions.
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Modes A and B are suitable for operations in which either the vertical or horizontal motion
of the load is prioritized through the explicit specification of y,(t) or z4(t), respectively. These
modes offer a structured way to regulate the load motion while allowing the load orientation
to be determined implicitly by the system geometry. As a result, they are appropriate for lift-
ing scenarios where strict orientation control is not required, but smooth force redistribution
between the cranes is desired. Mode C directly prescribes the Cartesian trajectory of the load
center and therefore provides the highest level of flexibility in specifying the desired installation
path. This mode is particularly useful when the target position is defined in workspace coordi-
nates. However, since the load orientation is not explicitly constrained, horizontal lifting is not
guaranteed except in symmetric configurations. Mode D explicitly enforces a horizontal load
orientation by prescribing ~,4(t) = 0 throughout the motion. This makes it the most suitable
choice for installation tasks that require strict attitude control, such as precision assembly or
alignment of elongated structures. The reduced flexibility in trajectory design is compensated

by the guarantee of horizontal lifting by construction.

From a practical standpoint, the four modes do not represent competing approaches, but
rather complementary reference design options. The appropriate mode can be selected accord-
ing to the specific installation objective, such as prioritizing geometric accuracy, orientation

constraints, or operational simplicity.

Two categories of performance indices are introduced.

1. Tracking performance. Tracking accuracy is quantified using two complementary metrics.

First, the integral mean square error (IMSE) is defined as
1 /7
2 2
Track—IMSE = ?/0 (e7,(t) +€7,(1)) dt,

where e, (t) = L1(t)— L14(t) and e, (t) = Lo(t) — Log(t) denote the tracking errors of the two
cable lengths. Because the squared error amplifies larger deviations, this index provides a more
informative measure of the overall quality of tracking, particularly in highlighting occasional

larger discrepancies between the actual and desired trajectories.

Second, the mean absolute error (MAE) is retained, defined as

1 /T
Track—MAE = f/ (‘€L1<t)| + ler, (t)|) dt.
0

This metric represents the average deviation between the actual and desired cable lengths over

the entire maneuver.

Together, Track-IMSE and Track-MAE quantify both the magnitude and consistency of
the tracking errors, and therefore directly reflect the accuracy with which the controller regu-

lates the cable lengths and, consequently, the load position.
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2. Load stability performance. Load stability is assessed by monitoring the tracking error of
the load angle, e, (t) = () — 74(t), using three complementary indices.

First, the integral mean square error (IMSE) is defined as

1 T
¥-IMSE = — /O e2(t)dt,

which emphasises larger deviations and provides a global measure of the quality of angular

tracking.

Second, the mean absolute error (MAE) is given by

1 T
MAE = 7. [ Jes (0],
T Jo

representing the average deviation of the load angle from its desired value across the entire

mancuver.

Finally, a normalised peak error is introduced as

1
7-PeakAvg = 7 max lex(B)],

which provides a time—scaled measure of the maximum angular deviation and allows a fair

comparison across maneuvers of different lifting durations.

Although v,4(t) is not identically zero in Modes A, B, and C, the desired angle profiles
remain smooth and of small magnitude because they are generated from static equilibrium. In
this setting, smaller values of v—IMSE, v~MAE, and y-PeakAvg indicate reduced load swing
and a more stable lifting motion.

The numerical results reported in Tables (5.5 - 5.9), together with the visual summaries in
Fig. 5.26 and Fig. 5.27, reveal several consistent performance trends across the four reference

generation modes.

* Tracking accuracy. The bar charts in Fig. 5.26, based on the Track-IMSE and Track-
MAE indicators, show that Mode B achieves the smallest tracking errors for all hoisting
durations. Across all metrics, Modes B and C form a clear high performance pair, both
significantly outperforming Modes A and D. This behaviour is evident in both the Track-
IMSE and Track-MAE tables, where Mode B consistently attains the lowest values, fol-
lowed closely by Mode C. In contrast, Modes A and D exhibit very similar values and
constitute a second group with relatively larger errors, although their performance re-
mains satisfactory in an absolute sense. For all modes, the Track-IMSE and Track-MAE
values decrease monotonically as the lifting duration increases, indicating improved per-

formance for slower motions.
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Table 5.5: Track—IMSE performance for various reference modes and hoisting speeds.

Mode Metric 50s 100 s 200 s 400 s
A (Ly |y) Track-IMSE 2.30e-4 1.18e-5 7.11e-7 4.38e-8
B (L, |z) Track-IMSE |  6.39-5 3.74e-6 2.41e-7 1.65¢-8
C(z|y) Track-IMSE 7.84e-5 4.43e-6 2.81e-7 1.87e-8
D (Ly|v) Track-IMSE | 2.28e-4 1.19-5 7.22e-7 4.48e-8

* Load angle stability. Fig. 5.27 and the angle performance tables (y-IMSE, 7-MAE,

and ~y-PeakAvg) confirm the same trend. Among the non-horizontal lifting modes (A,
B, and C), Mode B again achieves the smallest accumulated and peak angle deviations.
Modes B and C display nearly identical values in all angle metrics, representing the most
favourable behaviour among the three non-horizontal lifting modes. Mode D is the only
mode that enforces v4(¢t) = 0 for the entire motion and therefore uniquely guarantees
strictly horizontal lifting, although its numerical angle errors are slightly larger than those
of Modes B and C. As in the tracking case, all angle metrics improve consistently when

the hoisting duration increases from 50 s to 400 s.

Overall system performance. Across all reference modes and lifting durations, the
DCC system exhibits stable and smooth closed-loop behaviour. The figures show that
both cable length errors and angle deviations evolve without abrupt changes, and the
monotonic reduction of all performance indicators with increasing hoisting time confirms
the robustness of the controller for slower motions. The consistent grouping of the four
modes, with

Mode B ~ Mode C > Mode A ~ Mode D,

highlights that, under the asymmetric geometric configuration considered in this study,
Modes B and C provide the most suitable reference geometry for accurate and stable
lifting, while Mode D remains the appropriate choice when strictly horizontal lifting

must be maintained for all ¢.

In summary, both the numerical indicators and the graphical trends confirm that the DCC

system achieves high tracking precision, small load-angle deviations, and robust closed-loop

behaviour under all reference generation modes. The strong agreement between the quantita-

tive metrics and the visual results further demonstrates the effectiveness and reliability of the

proposed control strategy.
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Table 5.6: Track-MAE performance for various reference modes and hoisting speeds.

Mode Metric 50s 100 s 200 s 400 s
A (Li|y) Track-MAE 1.67e-2 3.87e-3 9.49¢-4 2.36e-4
B (L |z) Track-MAE 9.33e-3 2.27e-3 5.78e-4 1.51e-4

C(z|y) Track-MAE 1.02e-2 2.51e-3 6.34e-4 1.64e-4
D (L, |v) Track-MAE 1.64e-2 3.84e-3 9.43e-4 2.35¢e-4
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Figure 5.26: Visual comparison of tracking performance for various reference modes and hoist-

ing speeds.

Table 5.7: Load stability v-IMSE performance for various reference modes and hoisting speeds.

Mode Metric 50s 100 s 200 s 400 s
A (L |y) ~-IMSE 2.88e-7 1.48e-8 8.88e-10 5.48e-11
B (L, |z) ~-IMSE 8.00e-8 4.68e-9 3.02¢-10 2.06e-11
C(z|y) ~-IMSE 9.80e-8 5.53e-9 3.51e-10 2.34e-11
D (L |v) ~-IMSE 2.86e-7 1.49¢-8 9.02e-10 5.60e-11
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Table 5.8: Load stability y-MAE performance for various reference modes and hoisting speeds.

Mode Metric 50s 100 s 200 s 400 s
A(Li|y) ~-MAE 4.18e-4 9.67e-5 2.37e-5 5.90e-6
B (L, |z) ~-MAE 2.33e-4 5.67e-5 1.45e-5 3.78e-6
C(z|y) ~-MAE 2.55e-4 6.28e-5 1.5%e-5 4.09e-6
D (L |v) ~-MAE 4.10e-4 9.6le-5 2.36e-5 5.87e-6

Table 5.9: Load stability v-PeakAvg performance for various reference modes and hoisting
speeds.

Mode Metric 50s 100 s 200 s 400 s
A (L1 |y) ~-PeakAvg 2.21e-5 2.30e-6 2.77e-7 3.40e-8
B (L, |z) ~-PeakAvg 1.10e-5 1.29¢-6 1.60e-7 2.08e-8

C(x|y) ~-PeakAvg 1.13e-5 1.33e-6 1.64e-7 2.11e-8
D (L, |v) ~-PeakAvg 2.32e-5 2.32e-6 2.88e-7 3.58e-8
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Figure 5.27: Visual comparison of load stability performance for various reference modes and
hoisting speeds.



Chapter 6

Conclusions and Future Works

6.1

Conclusions

This dissertation investigates the modeling, planning, and control of DCC cooperative hoisting

systems, focusing on improving load stability, and operational safety during cooperative lifting

tasks. The main contributions of the work are summarized as follows.

)

2)

Cooperative hoisting of DCCs with a point-mass load under rope velocity constraint

This work develops a DCC system with a point-mass load and proposes a trajectory
generation method that regulates rope lengths to ensure that the suspended load follows
a predefined path while satisfying velocity constraints. To further enhance lifting effi-
ciency under rope velocity constraints, an adaptive velocity shaping method is developed
as an improvement over the direct approximation approach. Instead of relying on a pre-
defined velocity profile, this method dynamically adjusts the motion velocity in real time
based on the instantaneous load position. By introducing a position dependent adjust-
ment function, the horizontal velocity of the load is continuously adapted according to
the dynamic cable factors. This adaptive mechanism guarantees full compliance with
the cable velocity constraints while maintaining a relatively high operational speed and
achieving smooth deceleration as the load approaches the target position. Simulation
results demonstrate that the proposed adaptive velocity shaping method significantly re-

duces the total lifting time compared with the original method.

Dynamic modeling and order reduction of DCCs with rigid rod load

A complete nonlinear dynamic model of the DCC system with rigid-rod has been devel-
oped based on the Euler—Lagrange formulation. An accurate nonlinear dynamic model
of a dual crawler crane system lifting a rigid-rod load is developed without adopting
any linearization assumptions. The proposed model fully captures the geometric cou-
pling and closed-chain characteristics of the system. By systematically applying motion
constraints, the original tenth-order dynamic model (5 DOF) is reduced to a simplified
sixth-order form (3 DOF) while preserving the essential nonlinear behaviors. This reduc-
tion significantly decreases the complexity of subsequent controller design and provides

a reference for the modeling of similar constrained mechanical systems.
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6.2

Design of coordinated reference trajectories

A trajectory planning framework has been proposed to ensure that the desired motion of
the DCC system satisfies equilibrium state at each time instant. The reference trajectories
for cable lengths and load attitude are generated in cable space by connecting the initial
and final equilibrium configurations through smooth velocity profiles. Simulation results
confirm that the proposed approach maintains accurate load leveling and keeps sway

within acceptable limits in all case studies.

Development of coordinated control strategy

A coupled control strategy has been designed to achieve high-precision synchroniza-
tion between the two cranes. The controller ensures that the actual motion of the system
asymptotically converges to the desired reference trajectories, while effectively suppress-
ing load swing and vibration. The proposed control law has been validated through nu-

merical simulations, showing strong robustness against parameter variations.

Future Works

Although the present study provides a systematic theoretical and simulation framework for

DCC cooperative hoisting, several research topics remain open for future investigation.

)

2)

Theoretical analysis of closed-loop system stability

The present work provides a heuristic discussion on the stability of the proposed closed-
loop system. A rigorous theoretical stability analysis under the constrained closed-loop
dynamics defined by e, (t) = e5(¢) = 0 remains an open challenge due to the complexity
and strong nonlinear coupling of the DCC system. This aspect will be addressed in fu-
ture research. Possible directions include the development of a formal Lyapunov-based
framework or other analytical tools capable of characterizing the stability properties of
the reduced dynamics on the manifold defined by the error constraints. Such analy-
sis would provide a deeper theoretical foundation for the proposed control scheme and

strengthen its guarantees beyond the heuristic arguments presented in this study.

Alternative control strategies for cooperative hoisting

Although the present study provides a systematic theoretical and simulation framework
for DCC cooperative hoisting, several research topics remain open for future investiga-
tion. In addition to the PID based coupled control strategy adopted in this study, the
availability of a detailed dynamic model of the cooperating crane system also enables the
exploration of alternative control synthesis approaches. Future work may investigate both

linear and nonlinear control techniques that have been widely discussed in the literature.
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“4)

Linear methods, such as linear quadratic or gain scheduled control schemes, could pro-
vide systematic design procedures and local performance guarantees based on linearized
or parameter-dependent representations of the system dynamics, although their effective-
ness may be limited under large configuration variations. Nonlinear control approaches,
including feedback linearization, passivity based control, or nonlinear model predictive
control, may better exploit the intrinsic nonlinear structure of the crane dynamics and ex-
plicitly handle operational constraints, at the cost of increased computational complexity
and a stronger reliance on accurate modeling and state estimation. A systematic compar-
ison of these alternative strategies with the PID based approach, from both performance

and implementation perspectives, represents an interesting direction for future research.

Real time trajectory planning and optimization

To improve on site adaptability, future work should develop computationally efficient
trajectory generation algorithms that can operate in real time. Combining optimization-
based planning with machine learning may enable adaptive control under uncertain envi-

ronments.

Extension to three-dimensional cooperative hoisting

Future research will consider extending the current two-dimensional DCC system model
to a fully three-dimensional framework. In this setting, the spatial motion of each crane
and the suspended load will be represented in all six degrees of freedom. Such an ex-
tension would not only provide a more realistic description of practical lifting scenarios,
but also enable the investigation of multi-crane cooperative hoisting involving more than
two cranes, thereby offering a more general foundation for large scale coordinated lifting

operations.
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