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Abstract. In this paper, a new strategy for developing effective control policies suitable for guiding the motion of
articulated mechanical systems that are described within the framework of multibody system dynamics is proposed.
In particular, a scissor lift table having a pantograph topology is analytically modeled as a rigid multibody system
by using a Lagrangian formulation. An operational approach is thus introduced in this investigation to design the
control system that commands the motion of the lift table. In this vein, two dynamical models are developed in this
investigation, namely a minimal coordinate multibody model and a redundant coordinate multibody model. While
the minimal coordinate multibody model is used in the paper for the proper design of a high-performing nonlinear
controller, the redundant coordinate multibody model is employed to verify both the efficiency and the effectiveness
of the control approach adopted in this work, as well as for the refinement of the feedback controller parameters.
More specifically, the nonlinear control system devised in this paper is based on the combination of an open-loop
control architecture with a closed-loop control strategy. The open-loop control policy is determined by using a nonlin-
ear quasi-static feedforward controller, whereas the closed-loop control action is obtained considering an error-based
proportional-derivative feedback controller. With the use of the analytical models of the pantograph scissor lift sys-
tem developed in this work, several numerical experiments were carried out by employing three multibody programs
based on the computational environments relying on MATLAB and SIMSCAPE MULTIBODY, thereby demonstrating
the readiness and the effectiveness of the control methodology proposed in this investigation.

Keywords: Multibody System Modeling, Computational Kinematics, Statics, and Dynamics, Nonlinear Regulation and Tracking Con-
trol, Quasi-Static Feedforward Controller, Error-Based Proportional-Derivative Feedback Controller, Pantograph Scissor Lift Mecha-
nism.

1. Introduction

1.1 Background information and significance of this research work

This paper deals with the kinematic, static, and dynamic analysis of articulated mechanical systems that can be appropriately
modeled within the framework of multibody mechanical systems [1,2]. From a general perspective, the term multibody system
broadly refers to a mechanical system consisting of a set of mechanical components, or simply bodies, connected together by kine-
matic joints, or simply constraints, in such a way as to have relative motion [3,4]. Thus, a large variety of machines and mechanisms
can be modeled under the umbrella of multibody mechanical systems [5-7]. The mass elements of a multibody system can be either
rigid or flexible [8,9], while the mechanical devices realizing the geometric connections between them are formed by kinematic pairs
which can be perfectly smooth or subjected to contact and friction forces [10-12]. In particular, the mechanical joints composed
by the kinematic pairs are specifically designed to allow the relative motion between two elements in certain directions and pre-
vent it in others [13,14]. In addition to the rigid or flexible bodies and to the kinematic joints that may have clearance and friction,
the fundamental items that form a general multibody system are the force elements, the force fields, the time-dependent forcing
actions, and the time-dependent imposed motions [15, 16]. In multibody system dynamics, a force element is represented by a rel-
ative mechanical action, such as a linear or nonlinear spring-damper force pair, or a linear or nonlinear spring-damper torque pair,
applied between two points in the case of a translational force element, or along an axis in the case of a rotational force element
[17,18]. Force elements are, therefore, frequently used to model the typical mechanical components found in industrial structures,
aerospace systems, ground vehicles, and railway systems [19,20]. A force field, on the other hand, is used for modeling a distributed
field of external forces and/or mechanical moments, such as the gravity force or the effect of the magnetic field, that affect some or
all the components of the multibody system [21,22]. The use of force fields is common in modeling several mechanical systems like
robots, space structures, aerial vehicles, and biomechanical systems [23-25]. Furthermore, the time-dependent forcing actions can
be externally applied forces, mechanical moments, or torques, which are generally associated with the control actions exerted on
the mechanical system of interest designed for its proper functioning [26,27]. Finally, in a multibody model of an articulated me-
chanical system, the time-dependent imposed motions are often used to simplify the mathematical description of the movement
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of some system components that operate in a prescribed transient or stationary regime [28,29].

Multibody mechanical systems can be modeled by using an analytical formulation and a computational framework that can be
developed into a two-dimensional space or into a three-dimensional space [30]. In the former case, the mechanical components
are only endowed with a planar motion, whereas, in the latter case, the bodies that form the multibody system perform spatial
translations in arbitrary directions and large finite rotations about non-complanar axes [31]. More importantly, as already discussed
above, multibody systems are typically formed by mechanical components that can be rigid and/or deformable [32]. Therefore, in the
analytical framework and in the computational formulation of the mechanics of multibody systems, it is important to distinguish
between the dynamics of rigid multibody systems and the dynamics of flexible multibody systems, since the modeling approaches
employed in these two contexts are fundamentally different [33]. The principal methodologies used for modeling rigid multibody
mechanical systems are the Reference Point Coordinate Formulation with Euler Angles (RPCF-EA) [34], the Reference Point Coor-
dinate Formulation with Euler Parameters (RPCF-EP) [35], the Natural Coordinate Formulation (NCF) [36], and the Natural Absolute
Coordinate Formulation (NACF) [37]. On the other hand, the principal methodologies employed for modeling flexible multibody
mechanical systems are the conventional Finite Element Method (FEM) [38], the Nonlinear Finite Element Method (NLFEM) [39], the
Floating Frame of Reference Formulation (FFRF) [40], the Absolute Nodal Coordinate Formulation (ANCF) [41], the Rational Abso-
lute Nodal Coordinate Formulation (RANCF) [42], the Consistent Rotation-Based Formulation (CRBF) [43], the Isogeometric Analysis
Method (IGAM) [44], the Geometrically Exact Method (GEM) [45], the Incremental Finite Element Method (IFEM) [46], and the Large
Rotation Vector Formulation (LRVF) [47]. The case study analyzed in this paper can be properly described as a rigid multibody sys-
tem. Therefore, the fundamental strategies for modeling rigid multibody systems are briefly recalled and discussed below.

In the reference point coordinate formulation, a geometric point is chosen in a space attached to a given rigid body, and the
Cartesian coordinates of this point, which should not necessarily be a material point, are selected as the translational coordinates
[48]. On the other hand, the rotational coordinates employed for describing the orientation of a body-fixed reference frame having
its origin coincident with the reference point make the difference between the RPCF-EA and the RPCF-EP [49-51]. As the acronyms
suggest, the RPCF-EA utilizes the minimal set of the proper Euler angles, or equivalently the Tait-Bryan angles, to represent the
spatial orientation of each rigid body, whereas the RPCF-EP employs a redundant set of orientation variables, indeed called Euler
parameters, that can be mathematically interpreted as the components of a unit quaternion [52,53]. Both the RPCF-EA and the
RPCF-EP allow for systematically formulating the equations of motion in a differential-algebraic form. In the resulting equations
of motion, the differential part inherently concerns the system dynamics, arising from the basic principle of classical mechanics,
while the algebraic part is indispensable for the physical modeling of the constraint equations, and indeed is mathematically gen-
erated by the use of Lagrange multipliers [54]. In the analytical formulation of the equations of motion in both two-dimensional and
three-dimensional spaces, the system mass matrix depends on the general configuration of the multibody system and, in addition
to the introduction of the vector of Lagrange multipliers, necessary for describing the constraint generalized force vector, a highly
nonlinear vector of inertial quadratic velocity forces is also present in the dynamical model for describing the generalized centrifu-
gal and Coriolis forces [55]. Moreover, it is well-known that every set of three rotational coordinates suffers from the kinematic
singularity problem and, therefore, this issue is encountered in the RPCF-EA as well [56]. To solve this issue, particular care should
be paid in the computer implementation of the RPCF-EA, since a method for reparameterizing the set of Euler angles during the
dynamical simulations should be included for avoiding the singularity points [57]. The RPCF-EP, on the other hand, solves this issue
from the outset by using a redundant set of orientation variables that requires an additional set of algebraic constraints called the
Euler parameters normalization conditions [58]. This is the main reason why the source code of professional multibody computer
software is often based on the use of the RPCF-EP.

Conversely, the NCF is a revolutionary formulation approach in which the choice of the generalized coordinates to be used
for modeling the kinematics of a given multibody system is made case by case by following a set of simple rules and reasonable
guidelines that facilitate the model construction [36]. To this end, the specific position vectors of the material points and the direc-
tion vectors associated with the mechanical joints involved in the kinematic pairs, placed between two rigid bodies, are frequently
used as the generalized coordinates, thereby made of Cartesian coordinates in conjunction with direction coordinates, which are
necessary for describing the general roto-translational motion of the system components [59]. Unlike the RPCF-EA and the RPCF-
EP, the main advantage of the NCF is the formulation of a mechanical model having a constant mass matrix and a zero inertial
quadratic velocity vector in which the generalized centrifugal and Coriolis forces disappear [60,61]. However, its principal drawback
is that the criteria for the model construction are hardly generalizable and, therefore, cannot be systematically implemented in a
general-purpose multibody code that should be able to handle a wide range of different articulated mechanical systems [62]. The
fundamental drawback found in the NCF is completely overcome in the NACF, which represents a modern formulation approach
conceived to combine the best advantages of both the RPCF-EP and the NCF [63]. In the NACEF, similarly to the RPCF-EP, the Cartesian
coordinates of a generic material point belonging to each rigid body are used as the body translational coordinates [64]. Also, to
avoid any kinematic singularity problem and to promptly describe the spatial orientation of each body-fixed reference frame, the
set of three unit vectors formed by the direction cosines, corresponding to the body frame of reference, is employed as the set of ro-
tational coordinates for univocally identifying the body orientation [65]. Consequently, the NACF inherits the advantages of both the
RPCF-EP and the NCF in the sense that this multibody formulation enables the systematic development of the differential-algebraic
equations of motion of any complex multibody mechanical system featuring a constant mass matrix and a null vector represent-
ing the generalized inertia quadratic velocity forces [66]. As thoroughly discussed in the literature, the drawback associated with
the computer implementation of the NACF is the increase of the number of the system generalized coordinates and algebraic con-
straint equations to be used for its mathematical modeling [67]. Nevertheless, from a computational viewpoint, this drawback does
not represent a serious issue since the reduced time expended for the functions calling counterbalances the increase in the model
dimensions and leads to fast dynamical simulations [68].

1.2 Formulation of the problem of interest for this study

The control problem formulated in the case of multibody mechanical systems poses several challenges [69]. This is mainly
due to the complexity of the mathematical models that serve to describe the dynamic behavior of articulated mechanical systems,
which are characterized by highly nonlinear sets of differential-algebraic equations of motion [70]. In general, the nonlinearities of
a dynamical system can be broadly subdivided into two groups, namely inherent nonlinearities and intentional nonlinearities [71].
The former class of nonlinearities, also called natural nonlinearities, includes those arising from the regular behavior of the normal
components that form the system when modeled without using any simplifying assumptions [72]. The latter class of nonlinearities,
on the other hand, are typically referred to as artificial nonlinearities since they are strictly related to the dynamical behavior of the
control actuators introduced into the mechanical system by the designer or the control engineer [73]. Some typical examples of
inherent nonlinearities found in a general mechanical system are the contact and friction forces, the hysteresis phenomenon, the
presence of backlash between the gears of a mechanism, the mechanical actions produced by spring-damper force elements, the
resistance torque opposing the shaft rotary motion of rotative machines, and the centrifugal and Coriolis generalized inertia forces
generated by the rotational motion that are quadratic with the system generalized velocities [74]. Conversely, common examples
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of intentional nonlinearities that can be introduced in a general mechanical system are the active and passive forms of control
architectures, which are purposely designed and implemented to exhibit a nonlinear behavior by following prescribed control laws
[75]. Moreover, one of the distinguishing features of a multibody mechanical system, which makes their analysis and control more
difficult, is the presence of geometric nonlinearities associated with the algebraic equations employed for modeling the kinematic
constraints [76,77]. Also, in the case of flexible multibody systems, the presence of considerable displacements, finite rotations, and
small/large deformations represents additional sources of geometric nonlinearities to be taken into account in the formulation of a
general control problem [78,79]. These kinds of nonlinearities, which can be classified as inherent or natural nonlinearities, are found
in addition to those that could be already present in a given mechanical system [80]. Therefore, the presence of hard nonlinearities
is the main reason behind the challenging development of a proper nonlinear controller suitable for multibody mechanical systems
[81]. Fully addressing and solving this important issue needs advanced methods and nonconventional control strategies applicable
to the large family of articulated mechanical systems [82].

As discussed above, the presence of high nonlinearities in the mechanical model of a general multibody system enhances the
difficulty of the control problem associated with them [83]. As a result, more complex control strategies are necessary to obtain
robust, effective, and efficient control actions adequate for this class of articulated mechanical systems [84]. This is mainly due to
the fact that the simple control methods based on the linearization approach, utilized tout court and merely applied to the equations
of motion, lead to poor performance of the control system or are entirely not applicable as such [85]. However, some effective
control methods that can be adjusted and adapted for the guidance of the dynamic behavior of multibody mechanical systems are
available in the literature [86]. For instance, the fundamental equations of constrained motion, based on the new approach to the
analytical mechanics originally proposed by Udwadia and Kalaba, define a powerful analytical method capable of computing the
generalized acceleration vector and the generalized constraint forces of a given multibody system subjected to both holonomic and
nonholonomic constraints [87,88]. In the context of inverse dynamics, the Udwadia-Kalaba equations can be seen as a control design
method in which the control requirements are formulated in terms of algebraic constraint equations and, as such, the corresponding
generalized control forces are obtained [89,90]. Another general and effective control method that is important to mention, since it
has recently found a growing interest in the multibody community, is the adjoint method [91,92]. The adjoint method represents a
wide computational framework, rather than a single methodology, in which the regulation and tracking control problems formulated
for multibody systems described by differential-algebraic equations of dynamics can be numerically solved by using an iterative
optimization procedure necessary to solve the corresponding nonlinear two-point boundary-value problems [93,94]. By doing so,
one can effectively determine open-loop and closed-loop control actions that optimally solve the control problem of interest [95].
The single algorithms involved in the elementary building blocks that form the flowchart of the adjoint method are quite complex,
but their degree of complexity can be exploited for tuning and calibrating the entire procedure that leads to the determination of
the final control actions in a wide range of cases of engineering interest [96,97]. An alternative approach, which is applicable to a
vast class of dynamical systems in general, originates from the computational methods of machine learning [98,99]. In this vein, the
complex models of an articulated mechanical system can be substituted by a simplified version constructed by using data-driven
methods and the tools of neural networks [100]. Similarly, the structure of the controller is designed by defining another neural
network representing its behavior [101,102]. Then, by using the strategy that characterizes the reinforcement learning approach,
the system simplified model is used to make predictions on its actual dynamical behavior, while the elements that define the neural
network describing controller are iteratively updated in order to learn how to control the system by maximizing a given cumulative
reward [103,104]. To conclude, while the Udwadia-Kalaba equations represent an extension to the domain of nonlinear control of
the analytical techniques of classical mechanics, the adjoint method and the reinforcement learning method can be conceptually
collocated into two opposite extremes, in which the former represents a fully model-based approach, whereas the latter can be seen
as a completely black-box approach with respect to the model of the system to be controlled.

1.3 Literature review

The pantograph lifting mechanism is a device formed by a platform adjustable in height and a symmetric set of crossbars con-
strained on its frame. The purpose of the bars is to convert a horizontal displacement of the actuator into a vertical displacement
of the platform. Usually, the displacement is realized through the use of hydraulic or pneumatic actuators [105]. In some cases,
a ball-screw motor arrangement can be used to drive the scissor lift table [106]. Ensuring stability and safety, their use is focused
on the elevation of workers, tools, and various materials. Also, these mechanical systems often involve an increase in productiv-
ity, thereby sparking the interest of several industrial and academic research groups. For instance, Hongyu and Ziyi proposed the
design of a new scissor platform focusing on CAD modeling [107]. In this research work, a calculation is performed to estimate the
actuation force required by the control system. In general, since simple geometric modeling cannot make structurally reliable a
mechanism intended for industrial use, it is advisable to perform a finite element analysis after the first mechanical modeling to
verify the structural strength of the design [108]. The instability of scissor lift tables can indeed cause damage both economically to
the goods and physically to the operators [109]. To obtain a reliable system from the point of view of its stability, it is necessary to
carry out kinetic simulations by using a reliable mathematical model. In [110], such problem is addressed by resorting to dynamical
simulations performed using SIMULINK. Based on the results obtained, the design is then optimized in this work. Therefore, to
ensure the stability of a pantograph scissor lift table, the actuation force must be carefully defined to achieve the desired height and
have an efficient mechanism. To this end, the dynamic study is significant to modulate the actuation force [111]. Within the study
of dynamic stability, several additional factors must be considered, i.e. the clearance present between the parts, the friction forces,
and the contact reactions. In this respect, Li et al. addressed these complex issues by using the LuGre model to consider the effect
of friction and the Gonthier model for analyzing the contact forces [112].

This paper focuses on the dynamic analysis of the multibody pantograph scissor lift system. The main factors that influence
the time evolution of the platform lift to be analyzed in this work are the nonlinearity of the dynamical behavior and the presence
of friction forces. To achieve a gradual lifting of the platform in the actual design of this mechanism, the displacement is obtained
using an actuator that allows the linear displacement of the body connecting the bar and the frame [113]. If the applied force is too
high, the platform will rise too fast, creating instability of the entire system, and also exceeding the safety limit that must not be
reached at all. On the other hand, if the force is too low, the platform will fall until it reaches the end of the stroke [114]. One possible
and attractive strategy to solve this problem is to control the drive speed of the motor system in such a way as to provide a constant
velocity to the platform [115]. Another method to face the problem, very much used, especially in the industrial field, is to include
a Proportional-Integral-Derivative (PID) controller such that the scissor system reaches the target despite the presence of different
disturbances. This strategy refers to the following logical process, described, for example, in [116]. There is a reference time law for
the displacement to follow for the movement of the platform. The control system compares the reference action with the actual
behavior exhibited by the system, thereby defining an error signal, and operates accordingly through the calibration of appropriate
control parameters. Therefore, in principle, it is possible to derive a controlled force that allows for canceling the trajectory error.
However, designing an excellent control strategy to achieve the desired platform displacement requires, as a preliminary step, the
development of an accurate multibody model and a detailed kinematic analysis [117]. The definition of a multibody system is related
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to the articulated structure of the mechanism of interest, which can be considered as a set of rigid and flexible bodies interconnected
by mechanical joints. To define the orientation of a general set of bodies in the three-dimensional space, and then proceed to the
subsequent dynamic study, several methods can be employed, as shown in the literature. For this purpose, it is possible to describe
the orientation of a generic rigid body using Euler angles, Tait-Bryan angles, or using Euler parameters. In the first two cases, a
sequence of three angles is used, while, in the last case, four parameters are used to describe the orientation of the body [118]. In
[119], Wang and Chen made a comparison between different control techniques for modulating the speed of the platform. An alter-
native PID controller is proposed, whose parameters are updated by a backpropagation technique based on neural networks. Using
such a controller there is no overshoot at all. This control strategy is very efficient compared to a traditional PID controller or a PID
controller with fuzzy logic. Another solution is proposed by Takesue et al. [120]. In this research paper, a Proportional-Derivative
(PD) controller is used to regulate the angular displacement of the bar hinged to the frame. The main novelty in the article is a
compensation mechanism made using three spring elements.

Another important family of control methods is based on the proper formulation of an optimal control problem. In principle,
the optimal control problem for nonlinear dynamical systems requires solving the Hamilton-Jacobi-Bellman equation, a partial dif-
ferential equation characterized by a terminal condition, which, in general, is challenging to be analytically or numerically solved
[121]. On the other hand, a strategy to address the design of a nonlinear controller is to perform a linearization of the system dynam-
ics. However, this operation can compromise the global characteristics of the system, to the extent to create an inefficient or even
a harmful controller [122]. Additionally, to obtain stabilized feedback controllers for nonlinear systems, control system designers
make use of the Lyapunov function [123]. For example, the method called the Dynamic Sliding Mode Control (DSMC) is based on
the Lyapunov function. The DSMC method is a type of controller that exploits the dynamics of the system using it as a nonlinear
compensator. This controller tries to augment the system to improve its stability in order to obtain the desired output [124]. From
a slightly different perspective, when the robotics literature deals with the control theory, the trajectory tracking problem is often
taken into consideration. For example, a hybrid control system is proposed in [125]. In this work, the principle of virtual work is
used to obtain the dynamic behavior of the system, and then the actuation forces are optimized using the least-squares method.
Having performed this process, the control strategy is established. More specifically, one robot link is controlled considering its po-
sition, whereas the subsequent link is dynamically driven by modulating the actuation forces. In [126], Tang et al. proposed a mixed
PID/adaptive controller. Such strategy is implemented in a dominant linear second-order model, with a portion of the unmodeled
dynamics that can be nonlinear and time-varying. The advantage of the proposed controller is that it can cope with strong nonlin-
earities in the system while still using a simple PID controller. In [127], Resende et al. developed a fuzzy controller for performing
the trajectory tracking. The controller uses two Takagi-Sugeno (TS) fuzzy blocks to generate its control gains. This strategy enables
also to limit the velocity and cancel the errors generated by the unwanted system dynamics.

Several other interesting nonlinear control strategies, not fully commented on here because of space limitations, can be found
in the literature. These are, for instance, the general control policy based on the control Lyapunov function [128,129], the feedback
linearization approach [130,131], the adaptive control method [132,133], the sliding mode control technique [134,135], the backstep-
ping control strategy [136,137], and the state-dependent Riccati equation [138,139]. In this paper, on the other hand, a new approach
is proposed for solving the control problem formulated in the case of multibody systems by exploiting the possibility of modeling
the system of interest using both a minimal and a redundant coordinate formulation, as well as by extending some straightforward
techniques of linear control theory to the nonlinear case [140]. The use of the control method devised in this paper is demonstrated
by means of numerical experiments considering an articulated mechanical system of interest in several engineering applications,
namely, the scissor mechanism having a pantograph structure that serves to guide the motion of a lift table [141]. In the literature,
several control techniques are proposed for this particular lift mechanism. On the other hand, the development of general nonlinear
control strategies plays a pivotal role in the scientific community, from the world of bioengineering to robotics, from the automotive
sector to aerospace applications. In this paper, a new approach for solving the nonlinear control problem is discussed in detail.
Thus, in this short literature survey, an overview of control strategies adopted on multibody systems was provided.

1.4 Scope and contributions of this investigation

This paper is collocated within the research framework of the authors, which has a threefold structure based on the compu-
tational mechanics of rigid-flexible multibody systems [142, 143], the nonlinear control problem associated with continuous-time
and discrete-time dynamical systems [144,145], and the numerical identification procedures applied to structural systems [146,147].
In this vein, this paper deals with the dynamics and control of articulated mechanical systems modeled as multibody mechanical
systems and introduces in this context a new high-performing control strategy, which is thoroughly analyzed through dynamical
simulations by addressing the regulation and tracking problems of a pantograph scissor lift mechanism considered as the case
study. More specifically, by using the MATLAB and SIMSCAPE MULTIBODY simulation environments, a minimal coordinate multi-
body model and a redundant coordinate multibody model of the pantograph scissor lift mechanism were analytically developed,
whereas the performance of the new control strategy devised and proposed in the paper was tested through extensive numerical
experiments. Compared with the excellent studies found in the literature and discussed before, this paper proposes a new control
strategy that is general and applicable to a large class of articulated mechanical systems, modeled as rigid multibody systems. The
effectiveness of the new methodology proposed in this investigation is demonstrated through numerical experiments performed
on the multibody models of a pantograph scissor lift mechanism, which represents the case study considered in this work.

This paper deals with the development of a sound computational approach for the design and the implementation of a new
control strategy capable of directing the motion of articulated systems modeled as multibody mechanical systems. Specifically,
the paper focuses on the dynamic modeling of an articulated mechanical system commonly employed in industrial applications.
For this purpose, the case study considered in this work is a simple scissor lift table having a pantograph structure. The main
goal is to design an appropriate model-based control system and verify the effectiveness of a new control policy proposed in this
investigation. The pantograph scissor lift mechanism of interest for this investigation is modeled within the rigid multibody dy-
namic framework, which encompasses only rigid bodies, kinematic joints, force elements, and force fields, leading to two different
mathematical models, that is, a minimal coordinate multibody model and a redundant coordinate multibody model. Since the
pantograph scissor lift mechanism is composed of a set of several rigid components and mechanical joints but possesses only one
degree of freedom, the minimal coordinate multibody model is described by one highly nonlinear ordinary differential equation of
motion, while the redundant coordinate multibody model features several generalized coordinates as well as Lagrange multipliers
embedded in a nonlinear set of differential-algebraic equations of motion. More importantly, in the paper, the minimal coordinate
multibody model is advantageously employed for the design of a nonlinear control strategy, which is suitable for guiding the large
displacements and rotations that characterize the rigid motion of the pantograph scissor lift mechanism, whereas the redundant
coordinate multibody model serves to validate the controller performance in a more realistic scenario.

In this work, a general and effective method is introduced for the nonlinear control of articulated mechanical systems, and its
use is demonstrated for a pantograph scissor lift mechanism modeled as a multibody system. To perform computational analyses
that are independent and reliable, as well as to correctly simulate the dynamic behavior of the pantograph scissor lift mechanism,
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both the minimal coordinate multibody model and the redundant coordinate multibody model were implemented in MATLAB with
the use of a hybrid symbolic-numeric modeling approach. Furthermore, to be able to perform an additional comparison of the nu-
merical results found, the redundant coordinate multibody model was also implemented using the SIMSCAPE MULTIBODY software
by employing an object-oriented modeling approach. The main purpose behind the application of a proper control system to the
pantograph mechanism is threefold, namely, to guide the motion of the scissor system between two desired configurations, to pre-
vent potentially harmful mechanical oscillations of the lift table when approaching the desired equilibrium configuration, and to
maintain the configuration of static equilibrium reached at the end of the system movement. To this end, a new control approach
is introduced and tested in this paper. The proposed control approach considers the combination of a quasi-static nonlinear con-
troller, which serves as the modulating feedforward control action, with an error-based proportional-derivative controller, which
plays the role of a compensating feedback control action. In order to perform meaningful dynamic analysis through computer
simulations, the effectiveness of the nonlinear control policy designed employing the minimal coordinate multibody model and
the redundant coordinate multibody model implemented in MATLAB is verified with the use of the redundant coordinate multi-
body model implemented in SIMSCAPE MULTIBODY. Thus, the numerical experiments performed in this investigation by using the
multibody models implemented using the computer codes developed in MATLAB and the programs constructed using SIMSCAPE
MULTIBODY demonstrate the effectiveness of the nonlinear control approach devised in this research work.

1.5 Organization of the manuscript

The remaining part of this manuscript is drawn up by following the structure reported below. In Section 2., the control strategy
proposed in this paper is described in detail by formulating the control problem in the case of a general articulated mechanical
system. Section 3. contains the description of the pantograph scissor lift mechanism considered as the case study of interest for
this investigation. While in Section 4. a minimal coordinate multibody model of the articulated system of interest is developed,
Section 5. describes a redundant coordinate multibody model for the same mechanical system analyzed in the paper. In Section 6.,
for corroborating through numerical experiments the efficacy of the nonlinear control policy devised in this investigation, which is
applied to the case study considered in the paper, several numerical results obtained using MATLAB and SIMSCAPE MULTIBODY are
reported and discussed. Finally, Section 7. contains a summary of the work done, the main conclusions drawn in this paper, and
some comments on the directions to be followed in future investigations.

2. Proposed control strategy

2.1 Multibody equations of motion

In this section, the control strategy introduced in this research work is described in a general form to clarify the subsequent
application to the case study analyzed below. For this purpose, consider the dynamic model of a multibody mechanical system
whose kinematic structure is described by using a minimal coordinate formulation, that is, a set of generalized coordinates whose
total number denoted with n, is equal to the number of the system degrees of freedom denoted with ny. In this broad scenario, the
multibody equations of motion assume the following general form:

where ¢ = q(t) is a vector having dimension n, representing the system Lagrangian coordinates, M = M/(q,t) is a matrix of
dimensions n4 x ng representing the system mass matrix, Q, = Qy (g, ¢, t) is a vector having dimension n, representing the system
total body generalized force vector, Q. = Q.(q, g, t) is a vector having dimension n, representing the control generalized force vector
applied to the multibody system, and the dot symbols indicate the derivatives taken with respect to the time denoted with ¢. To
further clarify the meaning of the analytical terms that appear in the general set of dynamical equations introduced above, the
system total body generalized force vector, as well as the system control generalized force vector, can be rewritten in a more explicit
form. To this end, the system total body generalized force vector can be expressed as follows:

Qp =Qy + Qe (2)

where Q, = Q,(q, ¢, t) is a vector having dimension n, representing the system inertia quadratic velocity generalized force vector,
absorbing all the terms that are quadratic in generalized velocities, and Q. = Q. (g, ¢, t) is a vector having dimension n, representing
the system total external generalized force vector, including both the conservative and nonconservative terms. The system control
generalized force vector can be expressed as follows:

Q: = Bauc ®3)

where the number of control actions is denoted with n,, while By = Ba(q,t) is a matrix of dimensions ng x n, representing the
system actuator collocation matrix, and uc = uc(q, g, t) is a vector having dimension n,, representing the nonlinear vector of control
actions acting on the multibody system. As a fundamental hypothesis for the development of the control strategy proposed in this
investigation, it is assumed that the multibody mechanical system to be controlled is fully actuated. Essentially, this hypothesis
means that the number of control actions n., assumed all independently manipulable, is equal to the number of the system degrees
of freedom n¢. More importantly, since a minimal coordinate formulation is employed for the derivation of the multibody dynamical
model, this, in turn, implies that the number of control actions n, is also equal to the number of Lagrangian coordinates n, used in
the kinematic description. Consequently, it is assumed that the system actuator collocation matrix B, is a square matrix having a
full rank given by r, = n4. Since Equation (3) represents a well-posed system of algebraic equations, this fundamental assumption
allows for univocally computing the vector of control inputs uc corresponding to a given vector of control generalized forces Q. and
vice versa. On the other hand, Equation (1) represents a nonlinear set of ordinary differential equations that govern the dynamic
behavior of the multibody system associated with them. As a special case, these differential equations also describe the static
equilibrium of the multibody system. In this special case, the system equations of motion become the system static equations and
assume the following particular form:

Q.+ Bauc =0 4

where the analytical terms associated with the generalized velocities and accelerations vanish in any configuration of static equilib-
rium. Equation (4) represents a nonlinear set of algebraic equations that allows for identifying the configurations of static equilibrium
ensured by the presence of a constant set of control actions. Furthermore, as mentioned before, Equation (1) forms a highly non-
linear set of ordinary differential equations describing the motion in large of the multibody system of interest, namely, the system
dynamic behavior when its components undergo large displacements and large finite rotations. However, if one is interested in de-
scribing only small perturbations of the system motion around a given equilibrium configuration, determined by solving Equation
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(4), a linearized version of the multibody equations of motion can be found by performing a Taylor series expansion truncated at the
first order. By doing so, one obtains:

MG+ Reqg+ K.q = Ba ctc (5)
where:
q=4q.+4q, uUc=1ucetlUc (6)

where g, is a constant vector of dimension n, representing a configuration of static equilibrium, uc . is a constant vector of dimen-
sion n,, representing the control actions necessary for attaining and keeping the static equilibrium, g = g(t) is a vector of dimension
ng representing the perturbation of the system configuration from the static equilibrium, @. = wc(t) is a vector of dimension n,,
representing the perturbation of the control actions from those that guarantee the static equilibrium, while M., R., and K. are
constant matrix having dimensions nq x nq that respectively identify the system linearized mass, damping, and stiffness matrices,
whereas B . is a constant matrix having dimensions n, x n, representing the system linearized input collocation matrix. Addi-
tionally, since Equation (4) represents a set of algebraic equations that is nonlinear as well, more than one configuration of static
equilibrium can be found by analytically or numerically solving them. This is a key point that is used as the basic concept for de-
veloping the control policy proposed in the present paper. More specifically, a combination of a feedforward control strategy with a
feedback control approach is devised herein, leading to the following general form of the vector of control actions:

Uc = Uc,FF + Uc FB )

where uc rr = uc pr(t) is a vector of dimension n,, representing the feedforward control actions and u. rs = ucrs(q, ¢, t) is a vector
of dimension n,, representing the feedback control actions. Finally, it is noteworthy to emphasize that the control strategy proposed
in this work allows for separately defining the structure of both the feedforward and feedback controllers. This goal is achieved
through the use of a time-dependent quasi-static control technique in combination with an error-based proportional-derivative
control method. The analytical formulation and the parameter tuning of the proposed feedforward plus feedback control strategy
are discussed in detail below.

2.2 Time-dependent quasi-static feedforward controller

The feedforward controller proposed in this paper is designed using a quasi-static control approach. To this end, two configura-
tions of static equilibrium are first determined by solving Equation (4). By respectively denoting with the vectors q, and g, having
dimension n, the two configurations of static equilibrium thereby identified, where g, represents the system initial configuration
and q, identifies the desired configuration of static equilibrium, to be reached by the multibody system through the action of the
feedforward controller, one can accordingly find two constant vectors of control actions respectively denoted with uc ¢ and uc . of
dimension n,, that enforce the two corresponding configurations of static equilibrium introduced before. According to the previous
assumptions, the key idea, on which the quasi-static control method proposed here is based, is to introduce a smooth interpolating
function that allows for reaching the final vector of control actions wuc,e, associated with the desired static equilibrium configuration
q., starting from the initial vector of control actions wuc o, associated with the system initial configuration g,. For this purpose, one
can effectively employ the following interpolating function:

2 3
Lt fu:{37' —2r3 0<7t<1 @
T, 1, 7>1
where ¢ is the time variable, T, represents the actuation time, r = 7(¢) identifies the dimensionless time variable, and f, = fu(t)
denotes the interpolating function of interest. Finally, the feedforward controller based on the quasi-static control strategy can be
written as follows:
Uc FF = Uc,0 + fuluc,e 9)

being:

A"—Lc,e = Uc,e — Uc,0 (10)

where Auc . is a constant vector of dimension n,, representing the difference between the final vector of equilibrium control actions
uc,e and the initial vector of equilibrium control actions uc . To conclude the description of the feedforward controller obtained
through the implementation of the quasi-static control strategy, it is important to note that the time interpolating function given
by Equation (8) allows for reaching the final input vector uc,. with a constant slope in time starting from the initial input vector uc o
with a zero time derivative, thereby avoiding sharp variations in the resulting vector of feedforward control actions.

2.3 Error-based proportional-derivative feedback controller

The feedback controller proposed in this paper is designed using a proportional-derivative control approach. In order to achieve
this goal, a fundamental preliminary step is represented by the introduction of a control function denoted with g., where g. =
g.(q, g,t) identifies a nonlinear vector function of dimension n,, that must be suitably chosen for the definition of a proper feedback
control vector capable of ensuring the system stability around the required equilibrium configuration. In particular, in the design
of the feedback controller based on the proportional-derivative control strategy proposed herein, the desired configuration of static
equilibrium denoted with g, is adopted as the reference configuration vector. By doing so, one can readily define the following
control error vector:

€c =9gc —Yce (11)
being:
gC,e:gC(q:qe7q:07t:Ta) (12)

where g . is a constant vector of dimension 7, identifying the control function evaluated in correspondence of the desired config-
uration of static equilibrium and ec = ec(q, ¢, t) is a vector having dimension n, representing the control error vector evaluated in
a general configuration of the multibody system to be controlled. Subsequently, the feedback controller based on the proportional-
derivative control approach is, therefore, simply defined as follows:

Uc,FB = —Kcec — Rcéc (13)

where K is a constant matrix of dimensions n, x n,, containing the controller proportional coefficients and Rc is a constant matrix
of dimensions n,, x n, containing the controller derivative coefficients. By introducing the definition of the proportional-derivative
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feedback controller given by Equation (13) into the multibody system equations of motion given by Equation (1), and performing a
linearization process identical to the one discussed in detail above, the following linearized model is obtained:

Meé_"i‘(R8+Rc,e)é+(-[_{e+-[_{c,e)q:0 (14)
being:
Kc,e = BaKcPc,e = BaKcEc,a Rc,e = BaRch,e = BaRcEc,e (15)

and
Pee=%(q=9.,4=0,t=Ta) = Ec,
(16)

Vee=5%£(a=9.,4=0,t =Ty) = Ecc
where M., R., and K. are constant matrix having dimensions nq x n, that respectively identify the system linearized mass,
damping, and stiffness matrices, whereas P. = Pc(q, ¢,t) is a matrix of dimensions n, X nq arising from the linearization of the
control error vector ec with respect to the system generalized coordinate vector ¢, V. = V¢(q, ¢, t) is a matrix of dimensions n, x nq
arising from the linearization of the time derivative of the control error vector é. with respect to the system generalized velocity
vector ¢, Ec = Ec(q, q,t) is a matrix of dimensions n,, x nq arising from the linearization process, while K . is a constant matrix of
dimensions ng x nq representing the equivalent stiffness matrix induced by the feedback controller, and Rc,. is a constant matrix
of dimensions nq x ng representing the equivalent damping matrix induced by the feedback controller. Since the equations of
motion that describe the system small perturbations around the desired configuration of static equilibrium denoted with g, form
a linear set of ordinary differential equations, the equivalent control stiffness matrix K. and the equivalent control damping
matrix Rec . can be computed by using the conventional methods of the classic control theory. More specifically, one can adopt
the pole placement method, also called the full state feedback control method in the classical control system theory, to assign
the eigenstructure of the linearized mechanical model and obtain the equivalent control stiffness and damping matrices K. . and
Rc,c, from which the corresponding matrices K. and Rc containing the controller proportional and derivative coefficients can be
readily extracted. Therefore, the pole placement method, which can be effectively used to place the closed-loop eigenvalues of a
linear dynamical system in predetermined locations of the complex plane, represents the fundamental technique employed in this
paper for the definition of the feedback controller based on the proportional-derivative control architecture. However, in practical
applications, the feedback control parameters, originally found using the pole placement method mentioned herein, require an
additional iterative process of refinement through numerical experiments, and this process should be carried out by assessing the
controller performance in terms of a set of proper quantitative metrics, such as the rise time, the maximum overshoot, the settling
time, and the steady-state error considered in this paper. As a final remark, the control method proposed here represents a general
strategy applicable to both linear and nonlinear mechanical systems. In this investigation, as discussed below, this method is used
for solving the control problem of an articulated mechanical system forming a pantograph scissor lift mechanism.

3. Description of the case study

3.1 System geometric properties

The articulated mechanical system considered in this investigation as the case study is a scissor lift table with a pantograph
closed-chain layout. This mechanism is used in industrial and civil applications as the base device of scissor lifts for handling heavy
loads. A simplified CAD model of this mechanism is shown in Figure 1.

Figure 1. CAD model of the pantograph scissor lift mechanism.

In this paper, the pantograph scissor lift mechanism represented in Figure 1 is modeled as a rigid multibody mechanical system.
This multibody system is composed of N, = 9 rigid bodies, excluding the ground, and N. ¢ = 14 kinematic joints representing
the set of extrinsic constraints, excluding the N, 4 = N, = 9 normalization conditions that will be subsequently employed in
the redundant coordinate multibody model as the algebraic equations for the regularization of the sets of Euler parameters used
as orientation parameters. From the first to the last, the rigid bodies that form the mechanical model of the mechanism under
consideration are the front left bar placed in OB (body number i = 1), the front right bar placed in AD (body number ¢ = 2), the rear
left bar placed in O’B’ (body number i = 3), the rear right bar placed in A’D’ (body number i = 4), the table platform deployed in
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BB’'D’D (body number i = 5), the front bottom roller collocated in A (body number i = 6), the front top roller collocated in B (body
number ; = 7), the rear bottom roller collocated in A’ (body number i = 8), and the rear top roller collocated in B’ (body number
i = 9). The fundamental geometric parameters necessary for the description of the closed-chain multibody model of the pantograph
scissor lift mechanism, namely, the length L;, the thickness H;, the width W;, and the diameter D; of each rigid body i, whenever
they represent appropriate geometric dimensions, are reported in Table 1.

Table 1. Geometric parameters of the pantograph scissor lift mechanism.

Descriptions Symbols  Data (units)
Characteristic length L=1L, 1.2 (m)
Characteristic thickness H = H), 0.08 (m)
Characteristic width W=W, 1(m)
Characteristic diameter D = D, 0.04 (m)
First body length Li =1, 1.2 (m)
First body thickness Hy=H, 0.06 (m)
First body width Wi =W, 0.025(m)
Second body length Ly =Ly 1.2 (m)
Second body thickness Hy = H, 0.06 (m)
Second body width Wao =W, 0.025 (m)
Third body length L3 =1 1.2 (m)
Third body thickness Hs = H, 0.06 (m)
Third body width W3 =W, 0.025 (m)
Fourth body length Ly= Ly 1.2 (m)
Fourth body thickness Hy=H, 0.06 (m)
Fourth body width Was=W, 0.025 (m)
Fifth body length Ls =1L, 1.35 (m)
Fifth body thickness Hs = H, 0.08 (m)
Fifth body width Ws =W, 1(m)
Sixth body diameter D¢ =D, 0.04 (m)
Sixth body width We =W,  0.075 (m)
Seventh body diameter = D7 =D,  0.04 (m)
Seventh body width W; =W, 0.075 (m)
Eighth body diameter Dg =D, 0.04 (m)
Eighth body width Wg =W, 0.075 (m)
Ninth body diameter Dg =D, 0.04 (m)
Ninth body width Wy =W, 0.075 (m)

Also, the geometric quantities denoted with L, H, W, and D reported in Table 1 represents some characteristic geometric di-
mensions of the pantograph scissor lift mechanism.

3.2 System mechanical properties

The inertial parameters associated with the rigid bodies which form the multibody model of the pantograph scissor lift mecha-
nism, that is, the mass m,; of each body and the principal mass moments of inertia I, ;, Iyy,:, and I, ; referred to the centroid G;
of each body, are reported in Table 2.

On the other hand, as discussed more in detail below, the kinematic joints that connect the rigid body of the mechanism under
study are, from the first to the last, a revolute joint collocated in O (joint number k = 1), a revolute joint collocated in A (joint number
k = 2), a prismatic joint collocated in A (joint number k = 3), a revolute joint collocated in B (joint number k = 4), a prismatic joint
collocated in B (joint number k = 5), a revolute joint collocated in D (joint number k = 6), arevolute joint collocated in E (joint number
k = 7), a revolute joint collocated in O’ (joint number k = 8), a revolute joint collocated in A’ (joint number k& = 9), a prismatic joint
collocated in A’ (joint number k& = 10), a revolute joint collocated in B’ (joint number k& = 11), a prismatic joint collocated in B’ (joint
number k& = 12), a revolute joint collocated in D’ (joint number k£ = 13), and a revolute joint collocated in E’ (joint number £ = 14).
The pantograph scissor lift mechanism undergoes the action of a constant gravitational field featuring a gravity acceleration equal
to g, which is aligned with the vertical direction of the global frame of reference (Z-axis), whose origin is placed at the point O and is
shown in Figure 1. The presence of dry friction forces acting on the rollers is also taken into consideration. For simplicity, the friction
effects are modeled as N, = 4 linear viscous forces having a constant coefficient equal to 0. More precisely, the dry friction forces at
the interface of the guides of the prismatic joints in which the rollers slide are modeled considering a force element characterized
by a linear viscous force having constant damping equal to o. Thus, from the first to the last, the force elements taken into account
are a linear viscous force element collocated at the point A acting between the front bottom roller and the ground (force element
number i = 1), a linear viscous force element collocated at the point B acting between the front top roller and the platform (force
element number 4 = 2), a linear viscous force element collocated at the point A’ acting between the rear bottom roller and the
ground (force element number h = 3), and a linear viscous force element collocated at the point B’ acting between the rear top
roller and the platform (force element number ~ = 4). Furthermore, it is assumed that a control device collocated at point A of
Figure 1 is capable of producing a control force field denoted with F. and directed along the horizontal direction of the global frame
of reference (X-axis). Thus, the manipulable control force denoted with F. counteracts the external action of the gravity force
denoted with Fy, since this second force field affects the entire mechanism and represents the principal external load applied on
the mechanical system. Although the mechanical model of the pantograph scissor lift mechanism is formed by several rigid bodies
and kinematic joints, it can be easily proved that this multibody system features only n; = 1 degree of freedom. Consequently, in
general, one can derive a multibody model of this mechanical system by following two different approaches, namely, considering a
minimal coordinate formulation, in which the number of generalized coordinates n, is equal to the number of the system degrees of
freedom ny, or employing a redundant coordinate formulation, in which the number of generalized coordinates n, is larger than the
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Table 2. Inertial parameters of the pantograph scissor lift mechanism.

Descriptions Symbols Data (units)
Load mass my 2000 (kg)
First body mass mi =mp 14.148 (kg)

First body first moment of inertia

First body second moment of inertia
First body third moment of inertia
Second body mass

Second body first moment of inertia
Second body second moment of inertia
Second body third moment of inertia
Third body mass

Third body first moment of inertia
Third body second moment of inertia
Third body third moment of inertia
Fourth body mass

Fourth body first moment of inertia
Fourth body second moment of inertia
Fourth body third moment of inertia
Fifth body mass

Fifth body first moment of inertia
Fifth body second moment of inertia
Fifth body third moment of inertia
Sixth body mass

Sixth body first moment of inertia
Sixth body second moment of inertia
Sixth body third moment of inertia
Seventh body mass

Seventh body first moment of inertia
Seventh body second moment of inertia
Seventh body third moment of inertia
Eighth body mass

Eighth body first moment of inertia
Eighth body second moment of inertia
Eighth body third moment of inertia
Ninth body mass

Ninth body first moment of inertia
Ninth body second moment of inertia
Ninth body third moment of inertia

Iacac,l = Izz,b
Iy, = Tyyp
Izz,l = Izz,b
mo = my

Ipw2 = Ipep
Iyy2 = Iy
Izz,2 = Izz,b
m3 = my

Izz,S = Ixac,b
Tyy,3 = Tyyp
Ioes=1..4
mg4 =My

Iac:c,4 = Ia;a:,b
Tyy,a =Tyyp
Ioza=1.2p
ms = Mmp

Izz,S = Iza:,p
Iyy,s = Iyy,p
122,5 = Izz,p
me = My

Izz,G = Ia:ac,r
Iyy6 = Iyy,r
Izz,6 = Izz,'r
my7 = my

Izz,'? = Izz,r
Iy, 7 = Iyy,r
Izz,? = Izz,r
mg = My

Iacoc,S = Izz,r
Iyys = Iyy,r
Izz,8 = Izz,'r
mg = M

Izz,Q = Ircac,r
Tyy,0 = Iyy,r
Izz,9 = Izz,r

4.981-1073 (kg x m?)
1.698 (kg x m?)

1.702 (kg x m?)
14.148 (kg)

4.981- 1073 (kg x m?)
1.698 (kg x m?)

1.702 (kg x m?)
14.148 (kg)
4.981-1073 (kg x m?2)
1.698 (kg x m?)

1.702 (kg x m?)
14.148 (kg)
4.981-1073 (kg x m?)
1.698 (kg x m?)

1.702 (kg x m?)
848.88 (kg)

71.193 (kg x m?)
1.997 - 10% (kg x m?)
1.294 - 102 (kg x m?)
0.741 (kg)

1.482-107% (kg x m?)
4.213-10~* (kg x m?)
1.482-10~* (kg x m?)
0.741 (kg)

1.482 1074 (kg x m?2)
4213104 (kg x m?)
1.482 1074 (kg x m?)
0.741 (kg)

1.482-107* (kg x m?)
4213104 (kg x m?)
1.482 1074 (kg x m?)
0.741 (kg)

1.482 1074 (kg x m?)
4.213-10* (kg x m?)
1.482-107* (kg x m?)

number of the system degrees of freedom n ;. While the latter strategy allows for the systematic development of a multibody model
in a differential-algebraic form that is readily applicable in a computational environment, the former methodology requires the
implementation of a hybrid symbolic-numeric programming paradigm, leading to a compact nonlinear set of ordinary differential
equations capable of describing complex systems such as the pantograph scissor lift mechanism considered herein. A detailed list
of all the physical parameters relevant for constructing both the minimal coordinate multibody model and the redundant coordinate
multibody model of the pantograph scissor lift mechanism is reported in Table 3.

Table 3. Physical parameters of the pantograph scissor lift mechanism.

Descriptions Symbols Data (units)
Platform initial vertical displacement ho 0.3 (m)

Bar initial angular displacement 0o 0.253 (rad)
Roller initial horizontal displacement S0 1.162 (m)
Platform final vertical displacement he 1 (m)

Bar final angular displacement e 0.985 (rad)
Roller final horizontal displacement Se 0.663 (m)
Gravity acceleration g 9.807 (m/s?)
Viscous damping coefficient o 100 (N x s/m)
Feedforward controller actuation time Ta 2.5 (s)
Desired natural frequency fr,a 5 (Hz)
Desired damping ratio &q 2(-)

Feedback controller proportional coefficient k.

Feedback controller derivative coefficient

1.308 - 10% (N/m)
1.610 - 105 (N x s/m)
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As discussed in detail below, in this paper, a minimal coordinate multibody model is developed first for the design of an ap-
propriate nonlinear control strategy for guiding the motion of the platform of the scissor lift table, whereas a redundant coordinate
multibody model is subsequently derived for verifying the effectiveness of the control policy devised before.

4. Minimal coordinate multibody model

4.1 Kinematic modeling

For the sake of simplicity, the pantograph scissor lift mechanism is considered herein as a rigid multibody mechanical system
modeled in a Euclidean space of dimension d = 2. A schematic representation of the two-dimensional multibody model of the
pantograph scissor lift mechanism based on a minimal set of Lagrangian coordinates is shown in Figure 2.

Lp/2 Lp/2
L/2
Yi
m, _
V ‘ yp Xl Yur
D ,\/f\\\ ‘ mp C —%p 7 ('\93‘ B X, HP

AN Fc

O\/\\\§( Dr‘ (\\\\\ gz—it;—b

Figure 2. Two-dimensional scheme for the minimal coordinate multibody model of the pantograph scissor lift mechanism.

Considering a minimal coordinate formulation approach, the dimension n, of the system generalized coordinate vector is equal
to the number of the system degrees of freedom n. In particular, the pantograph scissor lift mechanism has only n; = 1 degree of
freedom. In this case, by following the minimal coordinate formulation approach, the system generalized coordinate vector contains
only n, = ny = 1 Lagrangian coordinate. It is, therefore, assumed that the angular displacement of the front left bar denoted with
6 = 6(t) is used as the system generalized coordinate denoted with ¢ = ¢(t), where ¢t denotes the independent variable describing
the time. As shown in Figure 2, the two-dimensional multibody model of the pantograph scissor lift mechanism based on a minimal
set of Lagrangian coordinates presents a set of geometric points of interest denoted with O, A, B, C, D, and E. Thus, the absolute
position vectors of the points of interest belonging to the multibody system model developed here can be explicitly written in terms
of the system Lagrangian coordinate as follows:

_|lzo | _|O | za | _ | Lcos()
Ol F R S b e @
| = | Lcos(9) | oze | L
"B = [ yi ] - { Lsin(6) ] re= { Yo ] - { Lsi;(e) ] (18)
|2 | _ 0 |z | | Zcos(9)
TD_{ YD ]_{Lsin(e) }’ rE_[yE }_{ %sin(@) } (19)

where L represents the length of the bars, while the vectors ro = r0(0,t), ra = r4(0,t), r5 = r5(6,t), r¢ = rc(6,t), rp =
rp(0,t),and rg = r(0,t) having dimension d respectively represent the absolute position vectors of the geometric points of interest
identified as O, A, B, C, D, and E. Similarly, the absolute velocity vectors of the geometric points of interest can be expressed as

follows: .
. |20 | _|O . | 2a | _ | —Lsin(9)0

ol A FE R A R &
.| @5 | | —Lsin(0)é . | ae | 0

"B { B ] - { L cos(6)6 } re= { jo } - [ L cos(6)6 ] @)

\/~
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. I'D 0 . jfE — % sm(9)0

TD[ D ] { Lcos(6)6 }’ "E= { VB }[ L cos(0)d ] (22)
where the vectors 7o = #0(0,6,t), 74 = 74(0,0,t), 75 = 75(0,6,t), *c = 1c(6,6,t), *p = 7p(6,0,t), and 7p = 7 (6, ,t) having
dimension d respectively represent the absolute velocity vectors of the geometric points of interest identified as O, A4, B, C, D, and
E. As mentioned before, the pantograph scissor lift mechanism is formed by N, = 9 rigid bodies. However, considering a simplified
kinematic description that exploits the system planar motion, only five categories of rigid bodies are relevant for developing a
minimal coordinate multibody model. These are the platform (first body category labeled with the subscript p), the load (second
body category labeled with the subscript {), the bar (third body category labeled with the subscript b), the bottom roller (fourth body
category labeled with the subscript br), and the top roller (fifth body category labeled with the subscript ¢r). The body category
identified as the platform includes only the lift table (body number ¢ = 5). The body category identified as the load includes only
a rigid body attached to the lift table (body number i = 5). The body category identified as the bar includes the front left bar (body
number i = 1), the front right bar (body number i = 2), the rear left bar (body number i = 3), and the rear right bar (body number
i = 4). The body category identified as the bottom roller includes the front bottom roller (body number : = 6) and the rear bottom
roller (body number : = 8). The body category identified as the top roller includes the front top roller (body number ¢ = 7) and the rear
top roller (body number ¢ = 9). Considering the body categories thereby defined, and taking into account the analytical description
of the points of interest belonging to the planar mechanism, one can readily identify the kinematic quantities necessary for the
formulation of the dynamic model of the pantograph scissor lift multibody system. To this end, considering the absolute position
vectors of the reference points introduced above, one can write:

hp =yc =Lsin(#), h =yc+V =Lsin(0)+V (23)

L . .
hy =yp = 3 sin(9), hpr =ya =0, hyr =yp = Lsin(9) (24)

where the constant geometric quantity denoted with V represents the height of the load with respect to the platform shown in
Figure 2, while hy, = hy(0,t), hy = hi(0,t), hy = hp(0, 1), her = hpr(0,t), and her = her (6, t) Tespectively represent the centroid altitudes
in relation to the ground level of the five categories of rigid bodies identified as the platform, the load, the bar, the bottom roller, and
the top roller. By adopting the same approach, considering the absolute velocity vectors of the reference points, one can also write:

vp = /&2, + 92 = Lcos(0)d (25)
v = 4/32 + 9% = Lcos(0)0 (26)
; . L,
Ub=w/1’2E+y§3=59 (27)
vy = 1/2% + 9% = Lsin(0)0, v = /3% +9% = L (28)

where v, = v,(6,0,1), v, = v (0,6,1), vy = vp(0,6,t), vy = vp-(0,6,1), and v = vir(6, 6, t) Tespectively represent the magnitudes of
the centroid linear velocities of the five categories of rigid bodies identified as the platform, the load, the bar, the bottom roller, and
the top roller. Furthermore, it can be easily proved that the following equations hold:

wp=0, w=0, wp=0, wy =0, wir=0 (29)

where wp = wp(6,1), w = wi(0,t), wy = wp(b,t), wpr = wpr(6,1), and wer = wir(6,t) respectively represent the magnitudes of the
angular velocities of the five categories of rigid bodies identified as the platform, the load, the bar, the bottom roller, and the top
roller. In fact, considering a frame of reference attached to each body as shown in Figure 2, it is apparent that the only rigid bodies
that rotate are the bars, while the other rigid bodies carry out only a translational motion. Finally, the velocity functions necessary
for modeling the presence of velocity-proportional frictional forces that affect the translational motion of the rollers are given by:

Abr =a4 =—-L sin(G)é, Atr =2p=—L Sll’l(e)@ (30)

where Ay, = Ay,(0,60,t) and Ay = A4 (6, 6,t) respectively represent the velocity functions relative to the viscous friction forces
acting on the bottom roller and on the top roller.

4.2 Static analysis

In order to identify the equilibrium configuration assumed by the pantograph scissor lift mechanism when a given constant
control action is applied to it, a static analysis is required first. To effectively perform this task, one can readily employ the stationary
version of the Lagrange equations of the second kind. To this end, it is necessary to derive the total potential energy of the mechanical
system, as well as the total virtual work of the external nonconservative forces acting on it. In the kinematic modeling of the
pantograph scissor lift mechanism, five categories of rigid bodies are recognized, namely the platform, the load, the bar, the bottom
roller, and the top roller. Thus, the gravitational potential energies associated with the five categories of rigid bodies mentioned
before can be computed as follows:

Up = mpghp = mpgLsin(f), U; = mygh; = mygL sin(9) + mgV (31)
L .

Uy = mpghp = g sin(0) (32)

Upr = myrghpr =0, Usr = mrghtr = myrgLsin(0) (33)

where g is the gravity acceleration, m, is the platform mass, m; is the load mass, m, is the bar mass, m,- is the roller mass, whereas
Up = Up(0,t) is the platform potential energy, U, = U;(0,t) is the load potential energy, U, = U,(0,t) is the bar potential energy,
Upr = Upr(6,1t) is the bottom roller potential energy, and U, = Uy, (6,t) is the top roller potential energy. Consequently, the total
potential energy of the mechanical system is given by:

U =Up+U; + 44U + 2Upy + 2Utr = meglL sin(e) + m;gV (34)
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where:
me = myp +my + 2my + 2my (35)

where m. is the equivalent mass associated with the gravitational potential energy and U = U(0,¢) is the system total potential
energy. On the other hand, the virtual work of the control force F. applied to the left bottom roller collocated at the point A of the
pantograph scissor lift mechanism can be computed as follows:

6W, = Febwp = —F.Lsin(0)s0 (36)

where §W. = §W, (0, 66, t) represents the virtual work of the external control action. For the pantograph scissor lift mechanism, the
stationary version of the Lagrange equations of the second kind assumes the following particular form:

8£ — oWe (37)
20— 69
which leads to:
megL cos(0) = —F.Lsin(0) (38)
or equivalently:
F. = —mcgcot(h) (39)

From Equation (39), one can determine the external control force identified as F. necessary for obtaining a given angular displace-
ment of static equilibrium denoted with 6. For instance, assuming that 6y represents the initial angular displacement of the pan-
tograph scissor lift mechanism considered at the rest configuration, the external control force necessary for guaranteeing the state
of static equilibrium is denoted with F, and can be readily obtained from Equation (39). As will be shown in detail in the following
subsections of the paper, the explicit computation of the equilibrium control forces, to be applied to the pantograph scissor lift
mechanism for obtaining a preassigned set of equilibrium configurations, represents a fundamental preliminary step in the design
of the control system for the implementation of a quasi-static control strategy.

4.3 Dynamic analysis

For the problem under consideration, the dynamic analysis is necessary for describing the time evolution of the pantograph
scissor lift mechanism when a given time law of the external control action is considered, as well as for the proper design of an
effective control policy. For this purpose, the analytical derivation of the system equation of motion is required. To carry out this
task, one can directly use the complete version of the Lagrange equations of the second kind, which preliminarily requires the
analytical determination of the total kinetic and potential energies of the multibody system, the computation of the total Rayleigh
dissipation function associated with the linear viscous forces, and the total virtual work of the external nonconservative actions
applied to it. In the kinematic modeling of the pantograph scissor lift mechanism, five categories of rigid bodies are recognized,
namely the platform, the load, the bar, the bottom roller, and the top roller. Therefore, the kinetic energies associated with the five
categories of rigid bodies mentioned before can be computed as follows:

1 1 1 .
Ty = 5mpv§ + Efzz,pwg = 5Ie,p(;? (40)
1 1 1 .
T = 5mlvf + 51”,1%2 = 515,192 (41)
1 1 1 .
T, = §mbvg + 5 zz,bwg = §Ie,b92 (4'2)
1 1 1 .
Ty = §mr'l)§r + §]zz,rwgr = 5 e,bre2 (4’3)
1 1 1 .
Tir = EmTUtQT + 5Izz,rwt2r = ile,trez (44)
where:
Iep = mpL?cos?(6), I.; =mL*cos?(6) (45)
and
_1 2 _ 2 i 2 _ 2
Ie,b = 4mbL + Izz,b: Ie,b’r' = m,L"sin (9)7 Ie,t'r =myL (4‘6)

where m,, is the platform mass, m; is the load mass, m,, is the bar mass, m,. is the roller mass, I is the platform mass moment of
inertia, I, ; is the load mass moment of inertia, I, ; is the bar mass moment of inertia, I , is the roller mass moment of inertia,
while T, = T}, (9, 6, t) is the platform kinetic energy, T; = T3 (6, §, ) is the load kinetic energy, T, = T (9, 0, t) is the bar kinetic energy,
Ty = Ty,(8,6,1) is the bottom roller kinetic energy, Ty = T3 (6, 6, t) is the top roller kinetic energy, whereas I, = I.,»(6,t) is the
platform equivalent mass moment of inertia, I, ; = I. (9, t) is the load equivalent mass moment of inertia, I, , = I. (6, t) is the bar
equivalent mass moment of inertia, I j,» = I. -(0,t) is the bottom roller equivalent mass moment of inertia, and Ic ¢ = Ic ¢ (0,t)
is the top roller equivalent mass moment of inertia. Thus, the total kinetic energy of the mechanical system is given by:

1 .
T =Tp + Ty + 4Ty + 2Ty, + 2Tr = 516(92 (47)
where:
Te =lIep+1Ic;+4lcp + 21 pr + 21c,tr
(48)
= my [2c0s2(0) + my L2 + 41, , + 2m,-L2sin?(0) + 2m, L2
and
My = myp +my (49)
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where m,, is the equivalent mass associated with the kinetic energy of the platform and the load, I. = I.(6,t) is the system total
equivalent mass moment of inertia, and T = T(0,6,t) is the system total kinetic energy. On the other hand, it is assumed that
frictional forces modeled as viscous damping act on the rollers of the pantograph scissor lift mechanism. Therefore, the Rayleigh
dissipation functions corresponding to the viscous friction forces applied on the rollers can be calculated as follows:

1 . 1 . . 1 . 1 . .
Ry, = §UA§T = 5aL2sm?(e)92, Rir = EUA,%T = 5aLQSm?(e)eﬂ (50)
where ¢ represents the viscous damping coefficient necessary for analytically modeling the friction forces in the rollers employing
a simplified formulation. Thus, the total Rayleigh dissipation function of the mechanical system is given by:
— — 1 2ain2 32
R= 2Ry +2Rir = 5 (UEL sin®()) 6 (51)
where:
Oe = 40 (52)

where o, is the equivalent viscous coefficient associated with the Rayleigh dissipation function of the rollers. For the pantograph
scissor lift mechanism, the complete version of the Lagrange equations of the second kind is given by the following particular form:

d9T 9T OR U _ §W.

R T L 53
dt 96 89+89+89 00 ©3)
After some simple mathematical manipulations, Equation (53) leads to:
<me2cos2(6)) +mpL? +41,, 5 + 2m,. L2sin?(6) + 2m7«L2) § =
(54)
—my L2 sin(20)62 — megL cos(d) — o.L2sin?(0)6 — F.L sin(6)
or equivalently: }
I6 = f. (55)
where: ) )
fe = —my, L?sin(20)6% — meogL cos(d) — 0. L?*sin?(8)6 — F.Lsin(h) (56)
and
My = My — 5mw (57)

where m, is the equivalent mass of the inertia generalized quadratic velocity forces associated with the rollers, the platform, and
the load, whereas I is the system total equivalent mass moment of inertia defined in Equation (48), and f. = f.(6,0,t) is a highly
nonlinear function which describes the total generalized forces that affect the mechanical system, including the quadratic inertia
terms, the conservative external terms, and the nonconservative external terms. Finally, to further clarify the mathematical struc-
ture of the dynamic equation that governs the motion of the pantograph scissor lift mechanism, Equation (55) can be rewritten
as:

I6 = fy + fe (58)

where: ] ]
fo = —my L2 sin(20)6% — megL cos(0) — oo L?sin®(0)6, f. = —F.Lsin(6) (59)

where f, = f,(6,0,t) represents the nonlinear generalized force field that describes all the uncontrollable forces acting on the
system, while f. = f.(6,0,t) identifies another nonlinear generalized force field that models the system external forces which
can be arbitrarily controlled. As mentioned before, the system equation of motion assumes a highly nonlinear form because of
the presence of the generalized inertial, gravitational, viscous, and control force terms. As a consequence, for performing time
simulations of the dynamical behavior of the pantograph scissor lift mechanism, it is necessary to adopt a numerical integration
strategy that leads to a numerical approximation of the system evolution in time. This can be done, for example, by solving a forward
dynamics problem and determining the system time response to a given time law designed for its external control action. On the
other hand, knowing the analytical form of the system equation of motion is also vital for constructing an effective control strategy,
as thoroughly discussed below:.

4.4 Controller design

As demonstrated before, although the pantograph scissor lift mechanism considered as the case study has only one degree
of freedom, the dynamic behavior of this mechanical system is highly nonlinear. Therefore, it is necessary to adopt a suitable
nonlinear control strategy to properly guide the motion of this articulated mechanical system. To achieve this goal, a combination
of a feedforward controller plus a feedback control action is considered for the actuator force, which can be written as:

Fe=F.frr+FerB (60)

where F. = F.(0,0,t) denotes the force field representing the total control action, F. rr = F. rr(t) denotes the forcing function
associated with the feedforward control action, and F, pp = F; rp(9, 6,t) denotes the force field describing the feedback control
action. The key idea devised in this paper for the design of an effective nonlinear controller suitable for the pantograph scissor lift
mechanism is to adopt a quasi-static control strategy for the synthesis of the feedforward controller and a proportional-derivative
control strategy for the synthesis of the feedback controller. Before carrying out the design of the control system by following
the proposed approach, some fundamental analytical quantities are recalled and introduced. First, since 6 represents the angular
displacement of the front left bar chosen as the system degree of freedom, it is assumed that the pantograph scissor lift mechanism
starts its motion from an initial rest configuration in which 6(¢t = 0) = 6 and ends its movement into a final equilibrium configuration
in which (¢t = Ts) = 6., where 6y denotes the initial equilibrium angular displacement, 6. denotes the final equilibrium angular
displacement, and 7T is the constant time span in which the entire motion occurs. Furthermore, for simplicity, and considering
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the same conditions, it is assumed that the time function h = h(t) represents the platform vertical displacement, whereas the time
function s = s(t) represents the horizontal displacement of the front bottom roller, to which the external control action Ft is applied.
In particular, it is apparent that these quantities can be analytically computed in terms of the system generalized coordinate 6 as
h = Lsin(6) and s = L cos(6). Thus, one can easily realize that, when the system is in the initial equilibrium configuration identified
by the angular displacement 6, then the platform vertical displacement is equal to kg since a constant equilibrium force Fy is applied
to the roller and its horizontal displacement is equal to sg. Similarly, when the system is in the final equilibrium configuration
identified by the angular displacement 6., then the platform vertical displacement is equal to k. since a constant equilibrium force
F. is applied to the roller and its horizontal displacement is equal to s.. These considerations immediately suggest that a quasi-static
controller can be employed as the feedforward control action F. rr by adopting the following time law:

Fo+ (312 —273) AF.o, t<Ta
F, =F,, F,= ’ 61
c,FF a a { Fe, ¢ Z Ta ( )
where:
t
T=—, AF.0=F.—Fp (62)

where F, = F,(t) is the time law of the quasi-static control strategy, = = 7(¢) is a dimensionless time variable, T, is the constant
actuation time representing the time span in which the quasi-static controller operates, and AF, j is the constant variation between
the two control forces corresponding to the desired equilibrium configurations. In particular, to prevent any shocks of the lift table
of the pantograph mechanism, the time law F, considered as the quasi-static control action is obtained as a cubic polynomial in
terms of the time variable ¢, which guarantees that the control action starts from the initial value Fy with a horizontal slope and
ends to the final value F. again with a horizontal tangent line. In theory, it is sufficient to use the explicit time law F, based on
the quasi-static control strategy as the feedforward control action F, rp for guaranteeing a smooth motion of the table platform
between the two desired equilibrium configurations. However, in practice, it is well known that any feedforward controllers alone
do not represent a robust solution for controlling an articulated mechanical system, especially in the case of a nonlinear dynamical
system. This is particularly relevant even in the case of computer simulations, in which no external disturbances are present,
but where the numerical integration errors associated with the approximate solution of the equations of motion play the role of
unpredictable external perturbations. This is the reason behind the introduction of an additional controller having a feedback
architecture denoted with F, rp. For this purpose, a proportional-derivative feedback controller is adopted in this paper, leading to
the following mathematical structure of the feedback control action:

Fopp="Fy, Fy=—ke—0cd (63)

where:
§=5—50.=1Lcos(f) —se, 6=35—35 =—Lsin(h)f (64)

where F, = F (0, 0, t) represents the particular proportional-derivative control architecture assumed for the feedback control action,
§ = 6(0,¢) identifies the deviation of the roller horizontal position from the final configuration of static equilibrium, whereas k. and
o are two control constants to be properly determined for tuning the feedback controller. Therefore, while the design of a suitable
feedforward controller requires the proper selection of the actuation time parameter T,, the synthesis of an effective feedback
controller reduces to the determination of the constant parameters k. and o. that characterize the proportional-derivative control
scheme. For the selection of the feedforward actuation time Ty, a trial-and-error strategy is necessary. Conversely, the definition
of the feedback control parameters k. and o. can be methodologically performed by analyzing the linear version of the system
equation of motion perturbed around the desired final configuration of static equilibrium. To carry out this task, the first step is to
derive the analytical form assumed by the nonlinear control action F., as well as by the nonlinear control force field f., when the
combination of the quasi-static controller with the proportional-derivative controller is used. To this end, one can write:

Fo=F.pp+Fopp = Fo+ Fy = Fy — ke (Los(6) — s¢) + oL sin(6)d (65)

which leads to:
fe = —F.Lsin(0)
(66)
= —F,Lsin() + ke (L cos(0) — s.) Lsin(h) — o.L2sin%(6)6

Subsequently, to obtain the linear version of the system equation of motion expressed in the equivalent form given by Equation
(58), one needs to linearize both the left and right-hand sides of this dynamic equation. To achieve this goal, consider the following
perturbation functions:

G=60—0., 6=6, 6=10 (67)

where 0 represents the angular displacement of the front left bar perturbed from its equilibrium configuration 6., whereas 9 and

0 respectively denote the first and second time derivatives of the same analytical function. The linearization process is based on
a Taylor expansion of the system equation of motion truncated at the first order, which leads to the following linearized dynamic
model:

T.0+6.0+Fk0=0 (68)
where I, e, and ke respectively denote the constant coefficients associated with the equivalent inertia, damping, and stiffness

terms of the linearized system. The equivalent inertia coefficient denoted with I. that appears in the linearized dynamic model is
readily defined as follows:

I =T1.(0 = 0c,t =Ts)
(69)
= my [2cos?(8e) + myL? + 4, 4, + 2m, L2sin®(0e) 4 2m,. L2
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On the other hand, the equivalent damping and stiffness coefficients respectively denoted with . and k. that appears in the
linearized dynamic model can be analytically computed by linearizing the uncontrollable force field denoted with f;, and the con-
trollable force field denoted with f. as follows:

Fe =f%(9=ee,é=o,t=n)f 9fc (9 = 0,,6 = 0,t = Ts)

26
(70)
= (0e + o) L2sin%(6.)
and ~ of ) o ]
ke = 7@'7911(9:9670:0:7&:7—'5)7 afgc(9:96a9207t:Ts)
(71)

= —megL (sin(fe) + cot(fe) cos(fe)) + ke L2sin? (6.
g

It is, therefore, apparent that the equivalent stiffness and damping coefficients respectively denoted with k. and 5. depend on
the proportional and derivative coefficients of the feedback controller respectively denoted with k. and o., while the other constant
parameters that appear in Equations (70) and (71) assume known values. Thus, if the linearized stiffness and damping coefficients
k. and G. are known, one can determine the proportional and derivative coefficients k. and o. that define the feedback control
action by using the following inverse formulas:

ke
ke = ﬁCSC2(95) +

Ted esc(e) (1+ cot?(6.)) (72)

and _
Oe
oc = §CSC2(96) —0c (73)

To be able to effectively use Equations (72) and (73) for a proper design of the parameters that characterize the feedback control
action, the following strategy is employed. First, one needs to define the desired natural frequency denoted with f,, 5 and the desired
damping ratio denoted with £, for the linearized dynamical model of the pantograph system. Then, one can readily compute the
linearized stiffness and damping coefficients k. and . of the linearized equation of motion in terms of the desired natural frequency
and the desired damping ratio. The implementation of this analytical method leads to the following equations:

o1 [ke _ -
{ j;n = jz; Vo = ke=4n’Lf2, (74)
n = Jn,d

and

_ -
{ 6_ 2V kele = Ge=2Vkel&y (75)
§=¢&a

In conclusion, the use of Equations (74) and (75), necessary for the computation of the linearized stiffness and damping co-
efficients k. and ., in conjunction with Equations (72) and (73), allows for the determination of the proportional and derivative
coefficients k. and o. of the feedback controller that guarantee the desired natural frequency and damping ratio f, 4 and &; of the
linearized dynamical model. The numerical values of the proportional and derivative coefficients k. and o. obtained by implement-
ing this method in correspondence of a given set of desired natural frequency and damping ratio f, 4 and &; are provided in Table
3. It is important to note that the computational procedure shown herein for the determination of the proportional and derivative
coefficients of the feedback controller provides analytical results that are fully consistent with those obtained from the direct appli-
cation of the pole placement method considered in the control methodology proposed in the paper. As a final remark, the control
strategy designed herein is composed of the combination of a feedforward controller based on a quasi-static strategy with a feed-
back controller based on a proportional-derivative architecture. As demonstrated through the use of numerical experiments, while
the feedforward controller serves to guide the motion in large of the lift table towards the desired equilibrium configuration, the
feedback controller is necessary for compensating the trajectory errors in the neighborhood of the final equilibrium configuration.

4.5 State-space representation

To be able to perform dynamical simulations using the minimal coordinate multibody model of the pantograph scissor lift mech-
anism, the nonlinear version of the system equation of motion given by Equation (55) must be transformed from the configuration
space to the state space. Because of the presence of strong geometric nonlinearities, this transformation is necessary to enable
the use of standard numerical integration procedures for the determination of an approximate solution of the system equation of
motion. This simple process starts with the following definition of the system state vector:

“[z)-[3]

where z = z(t) represents the state vector of the minimal coordinate multibody model having dimension n. = 2n; = 2. Conse-
quently, the system state function obtained form the use of the minimal coordinate formulation is given by:

RO

where f = f(z,t) is the nonlinear state function having dimension n. that describes the dynamics of the pantograph scissor lift
mechanism in the space of states. Considering the previous definitions, the state-space form of the equation of motion arising from
the minimal coordinate multibody formulation is given by:

{ =7 78)
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where z( represents the vector of initial conditions defined as:

o [ g’ } 79)

As mentioned before, the analytical formulation of the state-space model corresponding to the minimal coordinate multibody
model of the pantograph scissor lift mechanism allows for readily performing dynamical simulations through the computer imple-
mentation of the dynamic model. This strategy allows for performing numerous numerical experiments on the time response of
the pantograph scissor lift mechanism corresponding to the designed control policy, as shown in the numerical results section of
the paper.

5. Redundant coordinate multibody model

5.1 Kinematic modeling

For the sake of completeness, the pantograph scissor lift mechanism is considered herein as a rigid multibody mechanical
system modeled in a Euclidean space of dimension d = 3. A schematic representation of the three-dimensional multibody model
of the pantograph scissor lift mechanism based on a redundant set of Lagrangian coordinates is shown in Figure 3.

Figure 3. Three-dimensional scheme for the redundant coordinate multibody model of the pantograph scissor lift mechanism.

Considering a redundant coordinate formulation approach, the dimension n, of the system generalized coordinate vector de-
noted with q = q(t) is larger than the number of the system degrees of freedom n;. In particular, the pantograph scissor lift
mechanism is composed of N, = 9 rigid bodies and each body is described by a set of n, = ng + n, = 7 generalized coordinates,
where n; = d = 3 represents the number of the body translational coordinates and n, = 4 represents the number of the body
rotational coordinates. Furthermore, to simplify the development of the redundant coordinate multibody model of the pantograph
scissor lift mechanism, the inertial effects of the load are taken into account by considering an additional mass attached to the
lift platform, that is, the body labeled with the integer ¢« = 5, thereby avoiding the unnecessary introduction of an additional rigid
body into the multibody model. In this case, by following the redundant coordinate formulation approach, the system generalized
coordinate vector contains ny = Npny, = 63 Lagrangian coordinates and is defined as follows:

[ o
a=, . (80)

L o, |

where g, = g,(¢) is a vector having dimension n, representing the generalized coordinate vector of the generic rigid body labeled with
the integer number . It is, therefore, assumed that the set of Cartesian coordinates of the body centroid denoted with R; = R;(t)
having dimension d is employed for representing the spatial position of each rigid body, whereas the set of Euler parameters denoted
with 6, = 0,(t) having dimension n,, is used for representing the spatial orientation of each rigid body, where the subscript : identifies
the body number. The previous vector quantities are respectively given by:

a; = Ri L i=1,2,...,N, (81)
0;
where:
x; ]
Ri=|y |, i=1,2,....N, (82)
Zi ]
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and

P1,i Po.;
pb; = P2i |> 0i|: ’Z:|, 1 =1,2,...,Np (83)
P3,i

where z; = z;(t), yi = v:i(t), and z; = z(t) denote the Cartesian coordinates describing the absolute position of the reference
point chosen on each rigid body ¢, p; = p;(¢) is a time-dependent vector of dimension n;, — 1, while py; = po,i(t), p1,i = p1,i(t),
p2,i = p2,i(t), and p3 ; = ps,i(t) identify the set of Euler parameters describing the absolute orientation of each body-fixed reference
frame. Assuming the set of Euler parameters as the body orientation coordinates, the rotation matrix of a generic rigid body 7 can
be immediately constructed as follows:

A;=E;E', i=12,... N, ()
where: .
Eiz[—pi po,il + P; }7 Ei:[_pi po,id — B; ], i=1,2,...,Np (85)
and
0 —p3i P2
Pi=| Ppsg 0  —pii |, i=12,...,N (26)
—P2,i Pl 0

where A; = A;(0;,t) is the rotation matrix of the generic body  having dimensions d x d, E; = E;(0;,t) and E; = E;(0;,t) are two
time-dependent rectangular matrices of dimensions d x ny, I is the identity matrix having dimensions d x d, and p, = p;(¢) denotes
a skew-symmetric matrix of dimensions d x d associated with the vector p,. Although the mathematical model of the pantograph
scissor lift mechanism is constructed employing a redundant coordinate multibody approach based on the use of the set of Euler
parameters as rotational coordinates, for the definition of the initial configuration of each body of the multibody model, and, in
particular, for readily identifying the body initial orientation, it is more convenient to adopt as orientation parameters the set of
Euler angles and then convert them into the equivalent set of Euler parameters. For this purpose, one can directly exploit the X, Y, Z
sequence of Euler angles embedded in the following vector of rotational coordinates:

(673
e; = Bz , 1=12,...,Np (87)
Vi

where e; = e;(t) is a time-dependent vector of dimension d containing the set of Euler angles, while a; = «;(t), 8; = Bi(t), and
vi = v:(t) respectively denote the successive angular displacements performed about the current X, Y, and Z axes, carried out in
order to transform the absolute frame of reference into the local reference system of the generic rigid body i. By doing so, one can
obtain an equivalent form of the rotation matrix of each body as follows:

Ai=ApiAyiAs i = [ a; b; ¢ ] ;o 1=1,2,..., Ny (88)
where: }
1 0 0
Am,i = 0 COS(OCZ') — Sil’l(ai) , i=1,2,..., Nb (89)
| 0 sin(a;)  cos(ay)
cos(B;) 0 sin(3;) |
A= 0 1 0 L i=1,2,...,N, (90)
| —sin(B8;) 0 cos(B;) |
[ cos(vi) —sin(y;) 0
A.;=| sin(y;) cos(y) 0 |, i=1,2,...,Np (91)
. 0 1|
and
ai,q cos(B;) cos(v;)
a;=| az; | = sin(ay) sin(B;) cos(v;) + cos(a;) sin(~;) , 1=1,2,...,Np (92)
as,; — cos(a;) sin(B;) cos(y;) + sin(a;) sin(vy;)
b1 —cos(f;) sin(v;)
bi=| b2; | = | cos(a;)cos(y;) —sin(a;)sin(B;)sin(v;) |, ¢=1,2,..., Ny (93)
b3 sin(a;) cos(v;) 4+ cos(a;) sin(B;) sin(~;)
Cl,i sin(B;)
Cc; = C2.i = — sin(ai) COS(IBZ') s =1, 27 .., Ny (94)
3, cos(a;) cos(B;)

where A, ; = Ay i(e;,t), Ay = Ay (e, t), and A, ; = A, ;(e;,t) respectively represent three elemental rotation matrices obtained
considering the three fundamental rotations about the axes X, Y, and Z, whereas a; = a;(e;,t), b; = b;(e;,t), and ¢; = c;(e;, t)
denote three unit vectors associated with the X, Y, and Z axes of the body-fixed frame of reference pertaining to the generic
rigid body :. To derive the particular set of Euler parameters 0, that corresponds to a given set of Euler angles e;, the first task to
be performed is the computation of the trace of the rotation matrix A; constructed by using the set of Euler angles as rotational
coordinates. To this end, one can write:

T =tr(A) =a1s+bai+c3e, i=1,2,...,N (95)
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where 7, = 7;(e;,t) is the trace of the rotation matrix A; expressed by using the set of Euler angles e; for a given rigid body .
Subsequently, one can readily calculate the first Euler parameter pg ; as follows:

1
PO,i:§V1+Ti7 1=1,2,...,Np (96)

Finally, the remaining three Euler parameters p ;, p2,;, and p3 ; can be determined employing one of the two sets of formulas
reported below:

. bgi—ca
{ P1,i = 4p0.;
]

€1,,—as3,q .
pos A0 = { P2i= —gpo , 1=1,2,...,N, 97)

[}

o __a2i=bi,
\ P3,i = 4p0.;

or

((p1i= \/ (14201, —m)

Poi=0 = {pgﬂ-:./i(1+2b2,i—n) L i=1,2,..., N, (98)

U psi=1/2(1+2c3,—7)

where the first set of formulas must be used when the first Euler parameter pg; is different from zero, whereas the second set
of formulas must be employed when the first Euler parameter p ; is equal to zero. By adopting the strategy mentioned above for
conveniently describing the orientation of each rigid body belonging to the redundant coordinate multibody model of the pantograph
scissor lift mechanism, and taking into account the particular closed-chain structure of this articulated mechanical system, one can
readily identify the initial configuration of each rigid body that forms the multibody system, namely, the initial position of the body
reference point, assumed coincident with its centroid, and the initial orientation of the body-fixed reference system. This process
leads to the systematic construction of the position and orientation vectors reported in Table 4.

Table 4. Initial configuration parameters of the pantograph scissor lift mechanism.

Rigid body Initial translational Initial rotational

number coordinate vector coordinate vector
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Furthermore, it is assumed that the pantograph scissor lift mechanism starts its motion from a rest configuration of static
equilibrium in which one has R;(t = 0) = 0 and 6;(¢t = 0) = 0 for each body i of the multibody system, which altogether leads to
q(t = 0) = 0. To complete the kinematic description of the redundant coordinate multibody model of the pantograph scissor lift
mechanism, one needs to analytically define the position field of each rigid body ¢ and its first and second derivatives with respect
to the time variable. Considering a generic material point P; pertaining to the rigid body ¢, the position field of the generic rigid body
i can be written as:

r, =R;+ A;u;, 1=1,2,...,Np (99)
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being:

@i=| g |, i=12...,N, (100)

where @; = u,(P;) is a vector of dimension d representing the local position vector of the material point P; belonging to the rigid
body i, while z; = z,(5), v: = v:(P;), and z; = z;(P;) are the Cartesian coordinates of the point P; that form the local position
vector @;, whereas r;, = r;(P;, q,,t) is a vector of dimension d representing the global position vector of the same material point
P;. Operating in the same analytical framework and by using a systematic multibody approach, the virtual displacement field of a
generic rigid body ¢ can be explicitly calculated as follows:

67’1’ = Liéqi, 7= 1,27 .. .,Nb (101)
where:
Li=[ I A@[G |, i=12...N, (102)
and B B
Gi:QEi:Q[ —p;, poil — P, ] i=1,2,...,N, (103)

where ér; = or;(F;, q;,0q;,t) is a vector of dimension d representing the virtual displacement field of the rigid body ¢, dq; = dq,(t)
denotes a vector of dimension n;, that identifies a virtual change in the generalized coordinates of the body i, L, = L;(P;,q;,t)
identifies a rectangular matrix having dimensions d x n; representing the position field Jacobian matrix associated with the rigid
body 4, 4; = u;(P;) is a skew-symmetric matrix of dimensions d x d associated with the local position vector @; which has the same
structure of the skew symmetric matrix reported in Equation (86), and G; = G;(q;,t) is a rectangular matrix having dimensions
d x np. In particular, G; is a transformation matrix that allows for computing the local angular velocity vector of the generic rigid
body i as a linear combination of the Euler parameters derived with respect to time as follows:

@i =G0, =W;q,, i=1,2,...,Ny (104)

being:

v‘v,-:[o G] i=1,2,...,N, (105)

where O is a zero matrix having dimensions d x ng and @; = @;(g,, g;,,t) is a vector of dimension d describing the local angular
velocity vector of the rigid body 4, and W; = W(q;,t) is another local transformation matrix of dimensions d x n; which allows
for computing the local angular velocity vector of the generic rigid body 7 as a linear combination of the components of the body
generalized velocity vector. Finally, to conclude the kinematic modeling of the redundant coordinate multibody model developed
for describing the pantograph scissor lift mechanism, the following velocity and acceleration fields need to be considered:

i = Liq;, i=1,2,...,Np (106)
and ,
#;=L;§; +Liq;, i=12,...,Np (107)
where: . .
L; = [ (0] Aiéiﬁ?éi +Ai'ﬁzréi ] v 1=1,2,..., Ny (108)
and .
Gi=2[ =B, posd—p, |, i=12.. N, (109)

where 7; = 7;(P;, q;,4;, t) is a vector of dimension d representing the velocity field of the rigid body ¢, #; = #;(P;, q;, 4, d;, t) is a vector
of dimension d representing the acceleration field of the rigid body i, and &; = &;(q;, 4;,t) is a skew-symmetric matrix of dimensions
d x d associated with the local angular velocity vector @; which has the same structure of the skew symmetric matrix reported in
Equation (86). The kinematic analysis of the redundant coordinate multibody model of the pantograph scissor lift mechanism allows
for describing the global position, velocity, and acceleration vectors of an arbitrary point P; selected on a given rigid body 7 that form
this articulated mechanical system, as well as to define the local angular velocity vectors of all the bodies belonging to the multibody
systems. As discussed in detail below, this is fundamental geometric information necessary for identifying the force elements and
force fields acting on all the components of this mechanical system, to be able to carry out a comprehensive dynamic analysis of
the system behavior through the derivation of its differential-algebraic equations governing the motion, and for the systematic
formulation of the constraint equations representing the combined set of the intrinsic normalization conditions and the extrinsic
kinematic joints.

5.2 Force fields and force elements identification

In the redundant coordinate multibody model of the pantograph scissor lift mechanism, both force fields and force elements are
present and active. More precisely, only one category of force field affects this articulated mechanism, that is, the gravity force field.
Similarly, only one type of force element is considered for modeling the friction forces acting on the sliding motion of the rollers,
namely, a linear viscous force element aligned with the direction of the prismatic joints. To simplify the model description, a direct
Lagrangian approach is used for modeling both the force fields and the force elements to be considered in the redundant coordinate
multibody model. In this respect, and leveraging on the kinematic description of the multibody model, one can readily identify the
altitudes in the gravitational field of the centroid of each rigid body as follows:

hi =z, i=1,2,...,Np (110)

where h; = h;(q;,t) is the centroid altitude of the generic rigid body i necessary for the determination of the body potential energy.
Thus, the gravitational potential energy of the generic rigid body  is given by:

U; =msgh;, i=1,2,...,Np (112)
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where U; = U, (q;,t) denotes the gravitational potential energy of the generic body : and represents the only form of potential energy
associated with the multibody system under study. The total potential energy of the mechanical system is denoted with U = U(q, t)
and is given by:

Np
U=> U (112)
=1

The explicit determination of the total potential energy of the pantograph scissor lift mechanism allows for analytically deter-
mining the system total conservative generalized external force vector as follows:

au\T Ny, ’
Qe,c = (87) = Z B; Qe,c,i (113)
q i=1
where:
0
m; .
g=101, Qe,c,z—[ Og}, i=1,2,...,N, (114)
and

g, =Biq, i=1,2,...,N, (115)

where Q. . = Q. ((q,t) is a vector of dimension n, representing the system total conservative generalized external force vector,
Qe.ci = Qe ci(q;,t) is avector of dimension n, representing the conservative generalized external force vector relative to the generic
rigid body ¢, g is the constant gravity force vector having dimension d, and B; is a constant Boolean matrix having dimensions n, x nq
that allows for recovering the generalized coordinate vector of a given body i from the system vector of Lagrangian coordinates. On
the other hand, as already introduced above, the presence of dry friction forces affecting the linear motion of the rollers along the
direction of the prismatic joints in which they translate is modeled through the use of N, force elements characterized by linear
viscous forces having a constant damping coefficient equal to o. Detailed information regarding the type and the collocation of the
force elements used for modeling the system dissipative effects is reported in Table 5.

Table 5. Type and collocation of the force elements.

Force Force First Second  First body Second body
element element body body location location
number type number number point point
) ) _ ~ ~ _oaT ~ ~ T
h Name th Jh Wiy, = [ Tip,  Yip  Zip ] WUjp, = [ Tjn  Yin  Zin ]
T T
1 Damper 6 0 as=[0 0 0] =1 0 0]
T T
2 Damper 7 5 ar=[0 0 0] as=[ % o %]
T T
3 Damper 8 0 ﬁgZ[O 0 0] ﬁO:[L w 0]
T T
4 Damper 9 5 as=[0 0 0] as=[ L o -4 |

In Table 5, the number # of each force element is specified together with its physical structure. The two bodies connected by
the generic force element h are also identified in Table 5 using the integer numbers ¢, and j, the ground body is identified with the
integer 0, while the local position vectors having dimension d relative to the collocation points P;, and P;, are respectively indicated
with @;, =4, (P;,) and @;, = 4;, (P;,). To derive the nonconservative generalized force vector associated with each force element
h, the following approach is adopted. First, the global position vectors of the two geometric points P;, and P;, , between which each
linear force element acts, are identified as follows:

’I‘ih :Rih —‘rAih’U,ih, ’l"]'h :th +Ajhﬂjh’ h:1,2,...,Na (116)

where r;, = r;, (P;,,q;,t) is a vector of dimension d representing the global position vector of the first geometric point involved
in the generic force element h, while r;, = r;, (P;,,q,,,t) is a vector of dimension d representing the global position vector of

the second geometric point considered in the same force element. Then, one can easily determine the linear elongation vector
associated to the force element at hand as follows:

Uy =7, —75,, h=12...,Ng (117)
where I, = I,(P;,, Pj, . q;,:4;5,:t) is a vector of dimension d representing the geometric elongation vector of the generic force

element h. Once this fundamental geometric quantity is calculated for each force element h, one can go ahead with the analytical
determination of the magnitude of the force element elongation vector and its time derivative as follows:

Y ]
=15, i,=-2"" h=1,2..., N, (118)

I
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where I}, = In.(Py,, Py, q;, 4, » t) denotes the magnitude of the force element elongation vector h. Finally, the geometric deforma-
tion associated with the generic force element h, as well as its time derivative, are respectively given as follows:

Ah:lh*lo,h, Ah:l.hz h=1,2,...,Nq (119)

where Ay, = Ap(P;,, Pj,,» 45,45, ,t) denotes the geometric deformation of the force element labeled with the integer ~ and the
constant quantity ly,, = lo,n(P;,, P, ) identifies the undeformed length of the same force element. Consequently, the Rayleigh
dissipation function associated with the viscous damping of the generic force element h can be readily obtained as:

1 .
Ry, = 50A,%, h=1,2,...,Nqg (120)

where Ry, = Ry(q;,,4q;, 4,4, ,t) denotes the Rayleigh dissipation function of the generic force element h, which represents the
only form of dissipated power associated with the multibody system under consideration, and it is assumed that the same viscous
coefficient o represents the constant damping acting on all the rollers. The total Rayleigh dissipation function of the mechanical
system is denoted with R = R(q, ¢, t) and is given by:

Na/
R=> R, (121)
h=1

The explicit determination of the total Rayleigh dissipation function of the pantograph scissor lift mechanism allows for ana-
lytically determining the system total nonconservative generalized external force vector as follows:

orR\T  Ja /. r
Qe,nc = 96 = Z <Bz‘th,nc,ih - thQe,nc,jh) (122)
q h=1
where:
Ah Qe,nc,ih = Lij;l Fy,
Fh:*O'Tlhy , h=1,2,...,Ng (123)
F
' Qe,nc,jh = LiFh
and

q;, = Bi,q, 4q;, =Bj,qa, h=12,...,Na (124)

where Q. nc = Qe nc(g; ;1) is a vector of dimension n, representing the system total nonconservative generalized external force
Vector, Qe ne,i, = Qeonc,iy, (i), @5, diy,» 45y, »t) @A Qe nc j, = Qe onc,jy, (44,495, 43y, » 45, » t) are two vector of dimension n;, represent-
ing the total nonconservative generalized external force vectors relative to the generic force element h, F), = Fr(q;, , 4,,,4;,,,4;, )
is a force vector having dimension d representing the linear viscous effects, whereas L;, = L;, (P, q;,,t)and L;, = Lj, (Pj,,q;, 1)
are the Jacobian matrices of the rigid bodies i;, and j;, affected by the generic force element ~ and particularized in their application
points P;, and P;,, while B;, and B;, are constant Boolean matrices having dimensions n; x n, that allow for recovering from the
system vector of Lagrangian coordinates the generalized coordinate vectors of the rigid bodies labeled with i;, and jj,. Finally, one
can simply obtain the system total external generalized force vector as:

Qe = Qe,c + Qe,nc (125)

where Q. = Q.(q, ¢,t) represents a highly nonlinear vector of generalized external forces having dimension n, which takes into
account all the conservative and nonconservative effects arising from all the force fields and the force elements acting on the
pantograph scissor lift mechanism.

5.3 Dynamic analysis

To accomplish the systematic formulation of the differential part of the redundant coordinate multibody model developed herein
for the pantograph scissor lift mechanism, the last fundamental step is to take into account the inertial effects and the control action
relevant for performing a consistent dynamic analysis. To this end, a Lagrangian approach can be effectively employed. Thus, one
needs to obtain first the kinetic energy of the generic rigid body i by using the following form of the Konig theorem:

1 LT . 1 _
T, = imlRTRl + 5(:}?1(;1.(31', 1 =1,2,..., Ny (126)

being: ~
IGi - diag(la:z,iylyy,iy Izz,i) (127)

where m; is the mass of the generic rigid body ¢, while I, ;, Iyy,i, and I.. ; are the principal mass moments of inertia of the rigid
body i referred to the body center of mass G;, whereas I, is a constant diagonal matrix of dimensions d x d containing the principal
moments of inertia of the rigid body ¢, and T; = T;(q;, g;,t) is the total roto-translational kinetic energy of the body i. Note that
one can use the form of the Konig theorem given by Equation (126) because, in the kinematic model of the articulated mechanical
system under consideration, it is assumed that the local frame of reference pertaining to each rigid body : is a central reference
system, that is, its origin O, coincides with the body ¢ center of mass G; and its axes are aligned with the body principal directions.
The total kinetic energy of the mechanical system is, therefore, denoted with T' = T'(q, ¢, t) and is given by:

Ny
T=>T (128)
i=1

The explicit determination of the total kinetic energy of the pantograph scissor lift mechanism allows for analytically determin-
ing the system total generalized inertia force vector as follows:

d ror\*T sor\7T ..
a=-5(5) +(5g) =i 129
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where Q; = Q;(q, g,t) is a vector of dimension n, representing the system total generalized inertia force vector, M = M (q,t) is a
matrix of dimensions nq X nq representing the system total mass matrix, and Q, = Q. (q, g, t) is a vector of dimension n, representing
the system total generalized inertia quadratic velocity force vector. The total mass matrix of the redundant coordinate multibody
model can be analytically determined as:

N
_ 99 _N“prauoB
M=-—1=%"BM;B; (130)
aq =1
where:
M, = | ™! o (131)

o7 G'ic,G

where O is a zero matrix having dimensions n4 x n,, M; = M;(q;,t) denotes a matrix having dimensions n; x n; that identifies the
mass matrix of the generic rigid body 4 obtained assuming that the body-fixed reference point O; coincides with the body centroid
G;, and B, is a constant Boolean matrix of dimensions n; x nq that allows for deriving the generalized coordinate vector of the
generic rigid body ¢ from the vector of the system Lagrangian coordinates. Similarly, the system total generalized inertia quadratic
velocity force vector of the redundant coordinate multibody model can be analytically determined as:

Ny
Qy=Qi+Mi=>)» BlQ,; (132)
=1
where:
Q. = 0 (133)
e *égr@if_a@i

where Q, ;, = Qy ;(q;, d;,t) denotes a vector having dimensions n; that identifies the generalized inertia quadratic velocity force
vector of the generic rigid body i obtained assuming that the body-fixed reference point O; coincides with the body centroid G;.
Note that the inertia quadratic velocity force vector of the generic rigid body 7 assumes the simplified form given in Equation (133)
because of the use of the set of Euler parameters as rotational coordinates. On the other hand, the external control force F, is applied
on the geometric point A;  considered as a material point belonging to the rigid body i. = 6, that is, the front bottom roller. Thus,
the virtual work produced by the external control action can be written as:

We=FTor, = FTL, B, éq (134)
where:
Fe
F.= 0 |, or,, =L; B; dq (135)
0

where 6W. = 6We(q;,,4q;, ,4q;,_,t) denotes the virtual work of the external control action, F. = F(t) is a time-dependent vector
of dimension d representing the control force, dr;, = 67, (4i,,q;,,0q;,,_,t) represents a vector having dimension d that identifies
the virtual displacement of the geometric point A;, on which the external control force is applied, L;, = L;.(4;,,q,_,t) is a matrix
having dimensions d x n; representing the Jacobian matrix of the position field of the rigid body i., and B;, is constant Boolean
matrix having dimensions n; x nq that allows for recovering the generalized coordinate vector of the rigid body i. from the vector
of the system Lagrangian coordinates. Consequently, the generalized force vector associated with the control action can be readily
obtained as:

sWe\"

Q.= ( ) =BT LTF. (136)
6q c c

where Q. = Q.(q, ¢, t) denotes a vector of dimension n, that identifies the system generalized control force vector. Finally, one can

determine the total generalized force vector acting on the multibody system as follows:

Qp=Qy + Qe (137)

where Q, = Qy(q, g,t) is a strongly nonlinear vector of dimension n, representing the system total body generalized force vector
that takes into account all the inertia and external generalized forces describing the redundant coordinate multibody model of the
pantograph scissor lift mechanism. The description of the dynamic quantities that appear in the differential part of the system
equations of motion completes the dynamic formulation of the redundant coordinate multibody model.

5.4 Constraints formulation

The redundant coordinate multibody model of the pantograph scissor lift mechanism involves the presence of a nonlinear
set of algebraic equations. The proper formulation of this relatively large set of algebraic equations is necessary for modeling two
categories of constraint equations, namely, the set of intrinsic constraints, composed of N, ¢ groups of nonlinear algebraic equations,
and the set of extrinsic constraints, composed of N, ¢ groups of nonlinear algebraic equations. While the set of intrinsic constraints
is necessary for mathematically modeling the normalization conditions of the Euler parameters employed for describing without
kinematic singularities the orientation in the space of each rigid body labeled with the integer i, the set of extrinsic constraints
serves for the analytical description of the motion limitations imposed on each kinematic pair k of rigid bodies by the particular
mechanical joint that connects them. Therefore, these two sets of algebraic constraints form two vectors of nonlinear algebraic
equations which are respectively given by:

®, =0, i=1,2...,N.o (138)

and
U, =0, k=1,2,...,Neg (139)

where ®; = ®;(q,,t) is a vector of dimension n. ¢, representing the set of the generic intrinsic constraints associated with the rigid
body i and ¥ = ¥.(q;, ,q;,,t) is a vector of dimension n.,y, representing the set of the generic extrinsic constraints associated
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with the kinematic pair k. In fact, each set of Euler parameters requires only n. ¢, = 1 normalization condition which can be readily
written as:

®, =07T0,—1, i=1,2,...,N.p (140)

3

Moreover, the set of extrinsic constraints has a composite dimension denoted with n. g, , which depends on the particular type
of kinematic pair labeled with the integer & involved in the multibody model. In the case of the pantograph scissor lift mechanism
analyzed in this paper as the case study, as mentioned before, only revolute joints and prismatic joints characterize the mechanical
limitations of the relative motion between the rigid bodies that form the multibody mechanical system. Consequently, in this par-
ticular case, the redundant coordinate multibody model of the articulated mechanical system under study encompasses n. .y, =5
nonlinear algebraic equations for each kinematic pair k. Detailed information regarding the type and the collocation of the kinematic
pairs employed for modeling the system mechanical joints is reported in Table 6.

In Table 6, the number k of each kinematic pair is specified together with its physical structure. The two bodies connected by
the generic kinematic pair & are also identified in Table 6 using the integer numbers i;, and j, the ground body is identified with the
integer 0, whereas the local position vectors having dimension d relative to the collocation points P;, and P;, are respectively indi-
cated with @;, = ;, (P;, ) and @;, = @;, (Pj,). Also, thelocal direction vectors @;, = v;, (P;,,) and v, = v;, (P;, ) reported in Table 6
identify the direction vectors having dimension d associated with the axis belonging to the generic mechanical joint k£ as seen by the
two rigid bodies i;, and j; involved in the kinematic pair k. Furthermore, as already introduced above, only two types of kinematic
joints constrain the motion of the rigid bodies of the pantograph scissor lift mechanism, that is, revolute joints and prismatic joints.
To systematically construct the nonlinear algebraic equations representing these two types of mechanical constraints, massive use
of the kinematic model of the multibody system is made. Additionally, the following computational procedure is employed. First,
for each kinematic pair k, the direction of the joint axis is identified leading to the following equations:

Va, iy UV, jp,
Bliy =iy = | Uyyip | > Oljy =T = | Ty, |» k=12,...,New (147)
Vz,ip, Uz, ik

where o, ;, = 71,4, (FP;,) and 7, 5, = 015, (P;,) identify two direction vectors of dimension d associated with the axis belonging to
the generic mechanical joint k£ as seen by the two rigid bodies i, and j; involved in the kinematic pair k, while 7, ;, = 024, (P;,),
Dy,ip, = Uy,ip, (Piy,), and o, 5, = 0,4, (P;,, ) are the Cartesian components of the local direction vector @;,, whereas v, j, = 0. j, (Pj, ),
Ty, ji, = Uy,j,, (P, ), and . ;, = 0. j, (P, ) are the Cartesian components of the local direction vector %, . Subsequently, the following
geometric quantities are explicitly computed:

Wiy, =\[02,, +02,, Wi, =4[5, +02,, k=1,2....,New (142)

where w;, = w;, (P;,) and @w;, = w;, (P;, ) are two constant geometric quantities associated with the kinematic pair k. Then, the
following procedure is used for deriving an additional set of direction vectors in order to form two right-hand orthogonal triads
associated with the kinematic pair k as seen from the two rigid bodies iy and j:

r im,ikﬁ?hik
' —

V2,i, = Wi,
' |_ Dy, ip Uz, J
B
Wi, #0 = { B , k= 172»--~7Nc,\11 (14-3)
ERT
[ Wiy, -I
v U3, = 0

| | G ]

and
r 7"7z,jk"7y,jk
i 1
' U2y, = Wy,
1 _ Yy,5p V=g J
@
Wi, #0 = { B , k= 1,2,...,N(37\p (144)
_ U=k
L
v U35 = 0
| ]
or

. 52,% = 0
1 ’Dyvik
@i, =0 = i . k=1,2...,Ney (145)
- Uy, iy
. V3,4, = 0
L 0
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Table 6. Type and collocation of the kinematic joints.

Kinematic Kinematic First Second  First body Second body
pair pair body body location point location point
number type number number and joint axis and joint axis

_ T
Ui, = | T; i z:

. . Jk [ ik Yik Jk ]
k Name ik Ik

_ T
Vi = | Yohk  Yygr  Vzgk ]

1 Revolute 1 0

2 Revolute 2 6

— T —

3 Prismatic 6 0 "o = [ 0 00 ]T uo:[ Lo 0]
176=[0 0 1] 170:[1 0 0}

4 Revolute 1 7 ﬁl:[ % 0 OJT a7:[0 00 }Z
1—;1:[0 0 1] 57:[1 0 0

5 Prismatic 7 5 ur = [ 0 00 ]; ﬁ5:[ % 0 WT; ]T
1_)7:[0 0 1] ﬁ,:[l 0 O}

6 Revolute 2 5

8 Revolute 3 0
9 Revolute 4 8
10 Prismatic 8 0
11 Revolute 3 9
12 Prismatic 9 5
13 Revolute 4 5

14 Revolute 3 4
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and

( 0

v U2 0

' Uy, j

@, =0 = { . k=1,2,...,Ney (146)

. Uy, j

. 1_;3Jk = 0

L 0

where o1 ;, = 01,5, (Pi,,), V2,4, = D2, (Fs,,), and 033, = D34, (P;,) form a right-hand orthogonal triad of local directions vectors
having dimension d associated with the joint axis of the rigid body i), while @, ;, = 1 ;, (P}, ), V2,5, = 2, (Pj,), and T35, =
©3,j, (P, ) form a right-hand orthogonal triad of local directions vectors having dimension d associated with the joint axis of the
rigid body j. These local direction vectors can be readily transformed in their global counterparts by using the rotation matrices
respectively associated with the rigid bodies i) and jj, involved in the kinematic pair k and respectively denoted with A;, and A;,
as follows:

[ Y1, = A4y D1, [ Yig = AP,
{ Vo, = Aq D2y { Va5, = Ay V25, . k=1,2,...,New (147)
v, = A, B30, U vs, = A5,7,

where the direction vectors v1;, = vi,i, (Pi,,), v2,5, = v2,i,(Pi,), and vz ;, = vz, (P;,) of dimension d respectively represent
the global counterpart of the local direction vectors @1 s, , U2,,, and 3 ;,, While the direction vectors vy j;, = wv1,j,(P;,), v2,j, =
vy j, (Pj,.), and vs j, = wa j, (P;, ) of dimension d respectively represent the global counterpart of the local direction vectors v, j, ,
¥3,j,,and @3 j, . Once the right-hand orthogonal triads of each body involved in the generic kinematic pair & of each joint are defined,
one can go ahead with the computation of the following geometric vector representing the distance between two material points
P;, and Pj, collocated on the same joint axis k:

dy =ri, — 75, = R +Aikﬁ’ik 7Rjk 7Ajkﬁjk’ k=1,2,...,New (148)
where dy, = di(P;,, P, ,q;,,4;,,t) is a vector of dimension d representing the distance vector between the two material points
Py, and Pj, collocated on the joint axis k, while r;, = r;, (P;,,q;,,t) and rj, = 7;, (Pj,,q,, ,t) are two vector having dimension d
respectively representing the global position vectors of the points P;, and P;, as seen be the rigid bodies i, and j; involved in the
kinematic pair k. By knowing the analytical form of the right-hand orthogonal triads of each body involved in the generic kinematic
pair k of each mechanical joint, as well as the distance vector between the two material points P;, and P;, collocated on the joint
axis k, one can systematically formulate the algebraic equations of the kinematic joints of interest. For this purpose, in the case of
a generic revolute joint, one can construct the following vector of extrinsic constraints:

dy,
‘I’k = v{ikvl’jk (149)

T .
CERTRCS WS

Similarly, in the case of a generic prismatic joint, one can construct the following vector of extrinsic constraints:

l' ’Ug:ikdk -l
"’3T,ikdk
‘I’k = : ’U’{,ikajk : (150)

T )
V1,i, U35k
T ap: —
\_ Wi, Wi, — Co,k J

where w;, = w;, (P, q;,,t) and w;, = wj, (Pj,,q;,,t) are two nonparallel vectors of dimension d respectively belonging to the
rigid bodies 45, and j, whereas ¢; ; is a constant scalar quantity representing the initial numerical value of the dot product between
the geometric vectors w;, and wj, . For instance, one can readily determine the geometric direction vectors denoted with w;, and
wj, as follows:

Wiy, = 3, V2,5, + biy V34,
. k=1,2,....Noyg (151)

wj, = a5, V2,5, +bj, U35,

where a;, , b;, , aj, , and bj, are constant coefficients that must be properly prescribed for each kinematic pair k. At this stage, as an
intermediate step, one can directly assemble the complete vector of intrinsic constraints as follows:

N, P
®= > B} % (152)
i=1
where & = ®(q,t) is a nonlinear vector of algebraic equations containing the entire set of intrinsic constraints having dimension
ne o given by:

Nc P
Ne,d = Z Nep, =9 (153)
i—1
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The constant rectangular matrix denoted with By, is a Boolean matrix of dimensions n. ¢, X n. ¢ that allows for recovering the
generic set of intrinsic constraints associated with the rigid body : from the complete set of intrinsic constraints as follows:

®, =By, ®, i=12,...,Neo (154)
Adopting a similar procedure, one can directly assemble the complete vector of extrinsic constraints as follows:

New

_ T
¥ =) By, ¥, (155)
k=1

where ¥ = ¥(q,t) is a nonlinear vector of algebraic equations containing the entire set of extrinsic constraints having dimension
ne,w given by:

Ne,w
new = Y New, =70 (156)
k=1

The constant rectangular matrix denoted with By, is a Boolean matrix of dimensions n. g, x n. v that allows for recovering the
generic set of extrinsic constraints associated with the kinematic pair k¥ from the complete set of extrinsic constraints as follows:

U, =By, ¥, i=1,2,...,N.y (157)

The last fundamental step in the formulation of the constraint equations is the following assembly process relative to the total
vector of algebraic constraints:
L
C= { ] (158)

where C = C(q, t) is a nonlinear vector of algebraic constraints having dimension n. defined as:
Ne =Ne,d + Ne,w = 79 (159)

From the analytical definition of the total vector of algebraic constraints, one can readily determine the constraint Jacobian
matrix and the constraint quadratic velocity vector as follows:

oC L

e[

s | Que
N P I ”

Qv

where C4 = Cq(g, t) is arectangular matrix of dimensions n. x nq representing the system constraint Jacobian matrix, &4 = ®4(q,t)
is a rectangular matrix of dimensions n. s x nq representing the system intrinsic constraint Jacobian matrix, ¥4 = ¥4(q, t) is a rect-
angular matrix of dimensions n. ¢ x ng representing the system extrinsic constraint Jacobian matrix, Qq = Qy(q, ¢, t) is vector of
dimension n. representing the system constraint quadratic velocity vector, Qq ¢ = Qq,4(q, g, 1) is vector of dimension n. s repre-
senting the system intrinsic constraint quadratic velocity vector, and Q4 ¢ = Qq v (g, ¢,1) is vector of dimension n. ¢ representing
the system extrinsic constraint quadratic velocity vector. As a final remark, it is important to note that the constraint Jacobian matrix
plays a fundamental role in the dynamic analysis of rigid multibody mechanical systems based on a redundant coordinate modeling
approach. By respectively denoting with r. and r, the row rank and the column rank of the rectangular matrix C4 representing the
total constraint Jacobian matrix, always equal in virtue of a fundamental result of linear algebra, insights and fundamental geo-
metric properties of the articulated mechanical system of interest can be deduced. In fact, the row rank of the constraint Jacobian
matrix allows for determining the number of independent constraint equations denoted with ng, that is, to identify the algebraic
equations that are kinematically redundant. Similarly, the column rank of the constraint Jacobian matrix is necessary for the sys-
tematic calculation of the system degrees of freedom denoted with n, namely, for the partition of the Lagrangian coordinates of
the multibody system into two subsets of independent and dependent generalized coordinates. In summary, one can write the
following two fundamental equations:

Ng=Tc=T, Nf=nNg—Tqg=ng—T (161)

where the important result of linear algebra stating the fact that the row rank r. and the column rank r, of a general rectangular
matrix are equal and denoted with r was used. More specifically, a matrix factorization technique of numerical linear algebra, such as
the Gaussian elimination process with partial or full pivoting, can be applied to the constraint Jacobian matrix considered row-wise
or column-wise. The former process is necessary for identifying the r independent constraint equations, whereas the latter process
leads to the definition of the r dependent generalized coordinates. In particular, by applying row-wise a proper matrix factorization
to the constraint Jacobian matrix, one can readily find the subset of My, =T independent constraint equations associated with
the non-pivot rows and the subset of m;, = n. — r dependent constraint equations associated with the pivot rows. Similarly, by
performing column-wise the same numerical process to the constraint Jacobian matrix, one can easily find the subset of m;, , =
ng —r independent generalized coordinates associated with the non-pivot columns and the subset of m; = r dependent generalized
coordinates associated with the pivot columns. Since the constraint Jacobian matrix Cq depend on conﬁguration vector g, in theory,
the two identification processes mentioned before should be repeated several times at different time intervals. In practice, it is
sufficient to perform these tasks only at the beginning of the dynamical simulation, considering the initial value of the configuration
vector denoted with q,. For instance, in the case of the pantograph scissor lift mechanism assumed in this paper as the case study,
by implementing the two numerical procedures mentioned before, since the rank of the constraint Jacobian matrix is equal to
r = 62 and the total number of the system generalized coordinates is equal to n, = 63, one can readily identify ns = 62 independent
constraint equations and only ny = 1 degree of freedom. By doing so, in order to be able to adopt a standard multibody procedure for
the numerical solution of the differential-algebraic dynamic equations, one can define the independent constraint vector denoted
with € = C(g, t) having dimension ng, the independent constraint Jacobian matrix denoted with Cq = Cq4(q,t) having dimensions
nz X ng, and the independent constraint quadratic velocity vector denoted with Q4 = Q4(q, ¢, t) having dimension nz. By employing
the fundamental principles of classical mechanics in conjunction with the mathematical technique of analytical dynamics based
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on the introduction of the Lagrange multipliers, the differential-algebraic equations of motion of the multibody system under study
assume the following final form represented in the configuration space:

Mi=Q,+Q.—CIx Mi=Qy+Q.—CpyX
= (162)
C=0 C=0

where A = A(t) is a vector of dimension n. containing the total number of Lagrange multipliers associated with the entire set of
algebraic constraint equations and X = X\(¢) is a vector of dimension n: containing the independent Lagrange multipliers associated
with the independent set of algebraic constraint equations. The system equations of motion given by Equation (162) represent a set
of index-3 differential-algebraic equations, which can be mathematically transformed in the following equivalent form:

M{i=Qy+Q.—CiX
(163)
C_'q‘.i = Qd

where Equation (163) represents a set of index-1 differential-algebraic equations of motion, containing only the independent sub-
set of kinematic constraints meaningful for the dynamic analysis, that require in their computer implementation the use of an
appropriate constraint stabilization technique [148,149]. As discussed below, the differential-algebraic equations encountered in
the dynamic analysis of multibody mechanical systems are characterized by a mathematical property called the differential index,
which can be interpreted as a degree of difficulty in properly solving them using a numerical integration procedure [150]. Roughly
speaking, the differential index of a system of differential-algebraic equations corresponds to the number of time derivatives to be
applied to the set of constraint equations in order to transform them into an equivalent explicit set of ordinary differential equa-
tions [151]. Therefore, by performing a proper number of differentiations in time onto the constraint equations that appear in the
original set of differential-algebraic equations, one can eliminate the Lagrange multipliers and obtain an equivalent set of ordinary
differential equations. From a numerical standpoint, however, the implementation of any index reduction process, employed for
transforming the differential-algebraic equations into their equivalent ordinary form, comes with the price of requiring the use of
an additional constraint stabilization technique, which is necessary for satisfying the algebraic equations at both the position and
velocity levels [152,153]. This issue is further discussed in the numerical results section of the paper.

5.5 State-space representation

The last step necessary for the computer implementation of the redundant coordinate multibody model of the pantograph
scissor lift mechanism is the transformation of the system equations of motion from the configuration space to the state space.
However, before doing that, one should be able to analytically determine the system generalized acceleration vector. This calculation
can be readily performed by using the index-1 form of the differential-algebraic equations of motion and employing a standard
multibody computational procedure such as the augmented formulation or the embedding technique. Considering Equation (163),
the multibody procedure based on the augmented formulation is selected, since it can be readily written as:

M Ci|ld]_ | @+a _
][] (%% ] o waa -
where: -
| g N M (_:'q | Qv+ Q¢
q, = 5\ :| ) Ma - I: éq o :| ) Qa - Qd (165)

where n, = nq + ne = 125 is the characteristic dimension of the multibody problem at hand, q, = q,(¢) is a vector of dimension n,
representing the system augmented coordinate vector including the system generalized coordinates and the independent Lagrange
multipliers, My = Ma(q,t) is a square matrix having dimensions n, x n, that identifies the system augmented mass matrix includ-
ing the system mass matrix and the total independent constraint Jacobian matrix, and Q, = Q,(q, g, t) is a vector of dimension n,
which describes the system augmented generalized force vector containing the total body generalized force vector and the indepen-
dent constraint quadratic velocity vector. More importantly, Equation (164) forms a linear system of algebraic equations that can
be numerically solved by using a conventional Gaussian procedure, leading to the determination at each time step of the numerical
simulation of the system generalized acceleration vector and of the vector of independent Lagrange multipliers. By doing so, one
can carry out the transformation of the system dynamic equations from the configuration space to the state space in order to allow
for the use of standard numerical integration procedures for the numerical solution of the equations of motion, like the explicit
Runge-Kutta methods or the explicit linear multistep methods. For this purpose, define the following vector of state variables:

(2] 3
z2 q

where n, = 2n, = 126 is the dimension of the state space and z = z(¢) is a vector of dimension n. representing the system state
vector. Consequently, the state function associated with the introduction of the state vector defined above is given by:

f:|:f1:|:|:(‘1':| (167)
fa q

where f = f(z,t) is a nonlinear vector function of dimension n, that identifies the system state function in which the system
generalized acceleration vector is obtained from the computer implementation of the augmented formulation. At this stage, it
is noteworthy to emphasize the point that the explicit definition of the system state function is made possible by the use of a
proper multibody solution procedure such as, for example, the augmented formulation method mentioned before, which requires

the computer implementation of a constraint stabilization procedure. Finally, the state-space representation of the redundant
coordinate multibody model of the pantograph scissor lift mechanism assumes the following canonical form:

{ =7 (168)

z(t =0) = 2o
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where z( denotes a constant vector having dimension n. including the state-space set of initial conditions, which, for the problem
at hand, assumes the following simple form:
20 = [ o } (169)

0

where g, denotes a constant vector having dimension n, including the configuration-space set of initial conditions. The state-space
dynamic model of the mechanical system under study is amenable to be treated with several families of numerical integration
schemes for the computer implementation and the numerical solution of the equations of motion [154]. Additionally, since the
system dynamical model was obtained considering an index-1 form of the differential-algebraic equations, it is necessary to include
in the numerical integration scheme an additional computational step in which the drift of the algebraic equations is counteracted
through the use of a robust constraint stabilization procedure, such as the generalized coordinate partitioning approach, the direct
correction algorithm, and the Baumgarte method [155-157]. In this paper, the generalized coordinate partitioning method is used for
enforcing the fulfillment of the constraint equations at both the position and velocity levels, thereby leading to accurate numerical
solutions of the system equations of motion, which allow for testing several control policies in realistic scenarios in which the
pantograph scissor lift mechanism operates.

6. Numerical results and discussion

6.1 Description of the numerical experiments

In order to demonstrate the effectiveness of the control strategy devised in this investigation, the two mechanical models of the
pantograph scissor lift mechanism proposed in this work were implemented in a virtual simulation environment. More specifically,
both the minimal coordinate multibody model and the redundant coordinate multibody model were implemented by coding two
computer programs developed using the numerical computing environment based on MATLAB. In the first case, that is, in the case
of the minimal coordinate multibody model, a special-purpose computer program was developed for simulating the pantograph
scissor lift mechanism. On the other hand, in the second case, that is, in the case of the redundant coordinate multibody model, a
general-purpose computer program was developed for simulating the pantograph scissor lift mechanism. Furthermore, in order to
perform an additional comparison with the numerical results obtained using another software, the redundant coordinate multibody
model was also implemented employing SIMSCAPE MULTIBODY, which is a MATLAB-based graphical modeling and programming
environment. By doing so, several dynamical simulations were performed to validate the control strategy developed herein, as well
as the proposed mechanical models of the pantograph scissor lift mechanism, which reproduce the behavior of the articulated me-
chanical system of interest in different operational scenarios. For this purpose, the computational procedure utilized for performing
the numerical simulations of both the minimal and the redundant coordinate multibody models is the ODE15s solver, which is im-
plemented in MATLAB and in SIMSCAPE MULTIBODY for obtaining accurate numerical solutions of highly nonlinear sets of ordinary
differential equations. The numerical scheme followed by the ODE15s solver is a variable-step variable-order computational pro-
cedure, based on the numerical differentiation formulas of orders from one to five, which is particularly suitable for solving stiff
problems, such as those arising from the index reduction of differential-algebraic equations [158]. The numerical results obtained by
using this powerful and effective computer subroutine are then interpolated in a post-processing phase to find a numerical solution
that is evenly spaced on the discretized time grid. The fundamental parameters of the numerical solver employed in this paper are
reported in Table 7.

Table 7. Fundamental parameters of the numerical solver used in MATLAB and in SIMSCAPE MULTIBODY.

Descriptions Symbols Data (units)
Dynamical simulation time span T 10 (s)

Dynamical simulation time step At 1073 (s)

Solver relative error tolerance er 10~8 (m) or (rad)
Solver absolute error tolerance €a 10710 (m) or (rad)

In Table 7, T, and At respectively indicate the time span and the time step of the dynamical simulation, while ¢, and ¢, respec-
tively identify the relative error tolerance and the absolute error tolerance of the numerical solver. On the other hand, since the
redundant coordinate multibody model of the mechanical system under study is described by a nonlinear set of index-1 differential-
algebraic equations, the generalized coordinate partitioning method was employed in conjunction with the numerical solver as a
constraint stabilization technique to avoid the drift phenomenon associated with the violations of the algebraic equations [159,160].
To this end, the system approximate solution, which is obtained at each time step from the numerical solver by performing the time
marching of the equations of motion, is partitioned first into two subsets of dependent and independent generalized coordinates,
and the same process is repeated for the generalized velocities. Subsequently, the algebraic constraint equations are numerically
enforced at both the position and velocity levels by exploiting the partition into dependent and independent variables. Therefore,
the generalized coordinate partitioning method, which is necessary for the computer implementation of general multibody models
based on a redundant set of generalized coordinates for enforcing the satisfaction of the constraint equations at both the position
and velocity levels, was used in the multibody models constructed by using MATLAB and SIMSCAPE MULTIBODY. Consequently, the
computational methods employed in this paper for solving both the nonlinear ordinary differential equations and the nonlinear
differential-algebraic equations lead to approximate solutions of the dynamic equations describing the motion of the pantograph
scissor lift mechanism that are physically consistent and numerically stable. In this vein, the main goal of the numerical exper-
iments carried out by using the two mechanical models of the pantograph scissor lift mechanism is to find the best combination
of the control parameters that define both the feedforward controller and the feedback controller. The fundamental parameters
associated with the control strategy proposed in this work are the feedforward controller actuation time denoted with T, as well
as the feedback controller proportional and derivative coefficients respectively indicated as k. and o.. As discussed in detail below,
this process aimed at tuning the control parameters is iteratively performed starting from the default parameters used as references
that are reported in Table 3.

6.2 Computer implementation of the minimal coordinate multibody model using MATLAB

In this subsection, the numerical results obtained from the computer implementation in MATLAB of the minimal coordinate
multibody model of the pantograph scissor lift mechanism developed in Section 4. are presented and discussed. The numerical
experiments carried out and described in this subsection are meant to qualitatively and quantitatively refine the actuation time
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denoted with T, that characterizes the analytical law designed for the feedforward controller. For this purpose, three cases are
considered. In Case Al (reference), T, = 2.5 (s) is assumed; in Case A2 (first feedforward parameters test), T, = 5 (s) is assumed,
in Case A3 (second feedforward parameters test), 7, = 7.5 (s) is assumed. While Case A1l is identical to the default configuration
of the system control parameters reported in Table 3, Case A2 and Case A3 represent two trials for establishing the influence of
the feedforward controller actuation time 7, on the system time response and its dynamic behavior in general. In Figure 4, the
time laws representing the motion of the bar in correspondence to the three case studies A1, A2, and A3 considered are shown. In
particular, Figure 4a represents the angular displacement of the bar, while Figure 4b represents its angular velocity computed using
the minimal coordinate multibody model implemented in MATLAB.

12 T T T T 6
5 1
1 J
4 1
- 08]] ] g 3 ]
£ £
= 06| ] < 2 |
1 1
0.4 ]
0
0.2 : . : ! 1 . . I |
0 2 4 6 8 10 0 2 4 6 8 10
t (s) t(s)
(a) Angular displacement 6. (b) Angular velocity 6.

Figure 4. Angular displacement 6 and angular velocity 6 of the bar obtained using the minimal coordinate multibody model implemented in
MATLAB. The solid line (—) corresponds to Case A1; the dashed line (- - -) corresponds to Case A2; the dotted line (------) corresponds to Case

A3.

In Figure 5, the time laws representing the motion of the platform in correspondence to the three case studies Al, A2, and A3
considered are shown. In particular, Figure 5a represents the vertical displacement of the platform, while Figure 5b represents its
vertical velocity computed using the minimal coordinate multibody model implemented in MATLAB.
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(a) Vertical displacement h. (b) Vertical velocity h.

Figure 5. Vertical displacement h and vertical velocity / of the platform obtained using the minimal coordinate multibody model implemented in
MATLAB. The solid line (—) corresponds to Case A1; the dashed line (- - -) corresponds to Case A2; the dotted line (------) corresponds to Case
A3.

In Figure 6, the time laws representing the motion of the roller in correspondence to the three case studies Al, A2, and A3
considered are shown. In particular, Figure 6a represents the horizontal displacement of the roller, while Figure 6b represents its
horizontal velocity computed using the minimal coordinate multibody model implemented in MATLAB.

In Figure 7, the time laws representing the implementation of the proposed control strategy in correspondence to the three case
studies Al, A2, and A3 considered are shown. In particular, Figure 7a and Figure 7b respectively represent the feedforward and
feedback control forces, while Figure 7c represents the total control force applied to the mechanical system computed using the
minimal coordinate multibody model implemented in MATLAB.

The numerical results presented in this subsection demonstrate that the control strategy devised in this work is effective and
efficient. More importantly, by observing the controller performance metrics reported in Table 8, it is apparent that the parameter
choice corresponding to Case Al, namely 7, = 2.5 (s), leads to the best time response of the articulated mechanical system at
hand in terms of the classic control performance metrics like the rise time, the maximum overshoot, the settling time, and the
steady-state error.

This conclusion is confirmed by the controller performance metrics obtained using the minimal coordinate multibody model
implemented in MATLAB and shown in Table 8, which are computed for the vertical displacement of the lift table denoted with h in
the three cases of interest labeled as A1, A2, and A3. For convenience, the computational time of the numerical simulations carried
out using the minimal coordinate multibody model implemented in MATLAB is also reported in Table 8.
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Figure 6. Horizontal displacement s and horizontal velocity $ of the roller obtained using the minimal coordinate multibody model implemented
in MATLAB. The solid line (—) corresponds to Case A1; the dashed line (- - -) corresponds to Case A2; the dotted line (------) corresponds to Case
A3.
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Figure 7. Feedforward control force F. rr, feedback control force F. rp, and total control force F. applied to the mechanical system obtained

using the minimal coordinate multibody model implemented in MATLAB. The solid line (—) corresponds to Case A1; the dashed line (- - -)
corresponds to Case A2; the dotted line (------) corresponds to Case A3.
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Table 8. Controller performance metrics for the platform vertical displacement h computed by using the minimal coordinate multibody model imple-
mented in MATLAB.

Case Risetime Maximum overshoot Settling time Steady-state error Computational time

Al 0178(s)  3.699 (%) 0.213 (s) 3.997 x 10-15 (m)  2.935 (s)
A2 0.178(s)  4.118 (%) 0.213 (s) 3.997 x 10~15 (m)  2.889 (s)
A3 0.178(s)  4.235 (%) 0.213 (s) 5.418 x 10~14 (m)  2.915 (s)

6.3 Computer implementation of the redundant coordinate multibody model using MATLAB

In this subsection, the numerical results obtained from the computer implementation in MATLAB of the redundant coordinate
multibody model of the pantograph scissor lift mechanism developed in Section 5. are presented and discussed. The numerical
experiments carried out and described in this subsection are meant to qualitatively and quantitatively refine the proportional and
derivative coefficients respectively denoted with k. and o. that characterize the analytical law designed for the feedback controller.
For this purpose, three cases are considered. In Case B1 (reference), k. = 1.308 - 106 (N/m) and o. = 1.610 - 10° (N x s/m) are
assumed; in Case B2 (first feedback parameters test), k. = 6.541 - 10° (N/m) and o, = 8.049 - 10* (N x s/m) are assumed; in Case B3
(second feedback parameters test), k. = 3.924 - 106 (N/m) and o. = 6.439 - 10° (N x s/m) are assumed. While Case B1 is identical
to the default configuration of the system control parameters reported in Table 3, Case B2 and Case B3 represent two trials for
establishing the influence of the feedback controller proportional and derivative coefficients k. and o. on the system time response
and its dynamic behavior in general. In Figure 8, the time laws representing the motion of the bar in correspondence to the three
case studies B1, B2, and B3 considered are shown. In particular, Figure 8a represents the angular displacement of the bar, while
Figure 8b represents its angular velocity computed using the redundant coordinate multibody model implemented in MATLAB.
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Figure 8. Angular displacement 6 and angular velocity 6 of the bar obtained using the redundant coordinate multibody model implemented in
MATLAB. The solid line (—) corresponds to Case B1; the dashed line (- - -) corresponds to Case B2; the dotted line (------) corresponds to Case
B3.

In Figure 9, the time laws representing the motion of the platform in correspondence to the three case studies B1, B2, and B3
considered are shown. In particular, Figure 9a represents the vertical displacement of the platform, while Figure 9b represents its
vertical velocity computed using the redundant coordinate multibody model implemented in MATLAB.
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Figure 9. Vertical displacement h and vertical velocity h of the platform obtained using the redundant coordinate multibody model implemented
in MATLAB. The solid line (—) corresponds to Case B1; the dashed line (- - -) corresponds to Case B2; the dotted line (------) corresponds to Case
B3.
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In Figure 10, the time laws representing the motion of the roller in correspondence to the three case studies B1, B2, and B3
considered are shown. In particular, Figure 10a represents the horizontal displacement of the roller, while Figure 10b represents its
horizontal velocity computed using the redundant coordinate multibody model implemented in MATLAB.

12 1
1.1 1
0
l 4
w1 I
—~ 0.9 i ~
£ g
» 0.8 ] w5 ]
07 ]
., 3 |
0.6 1
1
0.5 L L - ! 4 . | I |
0 2 4 6 8 10 0 2 4 6 8 10
t (s) t (s)
(a) Horizontal displacement s. (b) Horizontal velocity .

Figure 10. Horizontal displacement s and horizontal velocity $ of the roller obtained using the redundant coordinate multibody model implemented
in MATLAB. The solid line (—) corresponds to Case B1; the dashed line (- - -) corresponds to Case B2; the dotted line (------) corresponds to Case
B3.

In Figure 11, the time laws representing the implementation of the proposed control strategy in correspondence to the three
case studies B1, B2, and B3 considered are shown. In particular, Figure 11a and Figure 11b respectively represent the feedforward
and feedback control forces, while Figure 11c represents the total control force applied to the mechanical system computed using
the redundant coordinate multibody model implemented in MATLAB.
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Figure 11. Feedforward control force F, rr, feedback control force F, g, and total control force F. applied to the mechanical system obtained

using the redundant coordinate multibody model implemented in MATLAB. The solid line (—) corresponds to Case B1; the dashed line (- - -)
corresponds to Case B2; the dotted line (------) corresponds to Case B3.
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The numerical results presented in this subsection demonstrate that the control strategy devised in this work is effective and
efficient. More importantly, by observing the controller performance metrics reported in Table 9, it is apparent that the parameter
choice corresponding to Case B3, namely k. = 3.924 - 10 (N/m) and o. = 6.439 - 10° (N x s/m), leads to the best time response
of the articulated mechanical system at hand in terms of the classic control performance metrics like the rise time, the maximum
overshoot, the settling time, and the steady-state error.

Table 9. Controller performance metrics for the platform vertical displacement h computed by using the redundant coordinate multibody model
implemented in MATLAB.

Case Risetime Maximum overshoot Settling time Steady-state error Computational time

B1 0.170 (s)  3.698 (%) 0.210 (s) 4999 x 1012 (m)  29.647 (s)
B2 0.210 (s)  7.249 (%) 1.270 (s) 9.780 x 10~15 (m)  30.193 (s)
B3 0.210 (s)  1.044 (%) 0.290 (s) 7.283 x 10~ (m)  37.846 (s)

This conclusion is confirmed by the controller performance metrics obtained using the redundant coordinate multibody model
implemented in MATLAB and shown in Table 9, which are computed for the vertical displacement of the lift table denoted with i in
the three cases of interest labeled as B1, B2, and B3. For convenience, the computational time of the numerical simulations carried
out using the redundant coordinate multibody model implemented in MATLAB is also reported in Table 9.

6.4 General discussion and final remarks

In this section, the numerical results obtained from the computer implementation of the mechanical models of the pantograph
scissor lift mechanism analyzed in this work were presented. As expected, the effectiveness of the control strategy devised in this
paper was demonstrated through several numerical experiments. To this end, the numerical results proposed in this section are
divided into two groups. First and foremost, the system dynamic response and the corresponding control performance found by
implementing the minimal coordinate multibody model in MATLAB were shown. Subsequently, the analogous set of numerical
results arising from the computer implementation of the redundant coordinate multibody model in MATLAB was presented. The
two mechanical models were numerically solved using the same computational scheme based on the ODE15s subroutine coded
in the MATLAB simulation environment. Furthermore, the differential-algebraic equations of motion pertaining to the redundant
coordinate multibody model were numerically solved including the generalized coordinate partitioning method as an additional
numerical procedure for the stabilization of the algebraic constraints. In both cases, the feasibility of the computer implementation
of the vector and matrix quantities involved in the definition of the system multibody models, necessary for performing the static
and dynamic simulations of interest for this investigation, was demonstrated. Despite the presence of fundamental differences in
the formulation approaches employed for the analytical derivation of the equations of motion corresponding to the same articulated
mechanical system, the numerical results of the dynamic analysis of the pantograph scissor lift mechanism considered as the case
study are identical, thereby validating the viability of the control technique proposed in this work.

As mentioned before, MATLAB was employed as the fundamental computational environment for performing numerical exper-
iments on the control strategy developed in this work, which was applied to the mechanical models of the pantograph scissor lift
mechanism considered as the case study, modeled using both a minimal coordinate multibody approach and a redundant coordinate
multibody approach. To this end, in the former case, a special-purpose multibody program was developed in MATLAB to describe the
mechanism at hand as a minimal coordinate multibody model, whereas, in the latter case, a general-purpose multibody program
was developed in MATLAB to describe the mechanism at hand as a redundant coordinate multibody model. Additionally, in order
to perform a further comparison by means of numerical experiments, the pantograph scissor lift mechanism was also modeled
by employing a redundant coordinate multibody approach implemented using the SIMSCAPE MULTIBODY software. A block dia-
gram summarizing the computer implementation in SIMSCAPE MULTIBODY of the system redundant coordinate multibody model
is represented in Figure 12.
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Figure 12. Redundant coordinate multibody model of the pantograph scissor lift mechanism implemented in SIMSCAPE MULTIBODY.

In Figure 12, the fundamental elements that characterize the redundant coordinate multibody model are shown. These are
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the rigid bodies (ground, bars, rollers, and platform), the kinematic joints (revolute joints and prismatic joints), the force elements
(dampers), the force fields (gravity force), and the control actuators (feedforward plus feedback controller). On the other hand, both
the minimal coordinate multibody model and the redundant coordinate multibody model were implemented in MATLAB through
the use of a conventional procedural programming approach, which is based on the development of the fundamental subroutines
necessary for the analytical formulation of the system equations of motion and their subsequent numerical solution. In order
to demonstrate that both the computer models provide consistent numerical results when operating in the same conditions, a
preliminary static test and a preliminary dynamic test were carried out first. This preliminary analysis is meant for comparing
the numerical results of the two multibody models devised in the paper and implemented in MATLAB with those calculated using
SIMSCAPE MULTIBODY. In the preliminary test for statics, the controller is switched off and set on its constant equilibrium force
value, while the pantograph scissor lift mechanism is positioned in the final equilibrium configuration. In the preliminary test
for dynamics, on the other hand, the controller is switched on and the default values for its control parameters are set, while the
pantograph scissor lift mechanism is positioned in the initial equilibrium configuration. In Figure 13, the numerical results of the
preliminary static and dynamic analyses performed on the multibody models of the pantograph scissor lift mechanism are shown.
In particular, Figure 13a represents the numerical results of the preliminary static analysis found using MATLAB and SIMSCAPE
MULTIBODY, whereas Figure 13b represents the numerical results of the preliminary dynamic analysis found using MATLAB and
SIMSCAPE MULTIBODY.
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Figure 13. Vertical displacement h of the platform obtained in static and dynamic conditions. The solid line (—) with the triangle markers (A)
corresponds to the numerical results obtained using the minimal coordinate multibody model implemented in MATLAB; the solid line (—) with
the square markers (0J) corresponds to the numerical results obtained using the redundant coordinate multibody model implemented in MATLAB;
the solid line (—) with the circle markers (o) corresponds to the numerical results obtained using the redundant coordinate multibody model
implemented in SIMSCAPE MULTIBODY.

As represented in Figure 13, although the numerical results presented in this section arise from three completely different
multibody models of the same articulated mechanical system, the outcomes of the preliminary analysis obtained in MATLAB and
in SIMSCAPE MULTIBODY for the mechanical system under study are fully consistent.

As a final remark, the campaign of numerical experiments realized in this work led to the identification of the best combination
of parameters to be used for tuning both the controllers having feedforward and feedback architectures. In particular, the control
parameters considered in this analysis were the feedforward controller actuation time indicated as 7,, the feedback controller
proportional coefficient denoted with k., and the feedback controller derivative coefficient denoted with o.. While the feedforward
controller actuation time was refined using the MATLAB simulation environment by using the minimal coordinate multibody model,
the feedback controller proportional and derivative coefficients were refined in the MATLAB simulation environment by using the
redundant coordinate multibody model. This iterative refinement process returned the parameter set composed of T, = 2.5 (s),
ke = 3.924 - 10 (N/m), and o. = 6.439 - 10° (N x s/m). In fact, as it is clearly apparent from the numerical results presented in this
section, as well as by observing the controller performance metrics reported in Table 8 and in Table 9, this set of control parameters
produced the best time response of the mechanical system at hand in terms of the classic control performance metrics, such as the
rise time, the maximum overshoot, the settling time, and the residual steady-state error. A summary of the numerical experiments
performed for gradually refining the actual values of the control parameters is reported in Table 10.

Table 10. Numerical values of the controller parameters employed in all the configurations of the numerical experiments.

Case Actuation time  Proportional coefficient Derivative coefficient

Al (reference) T, =2.5(s) k. = 1.308 - 105 (N/m) 0. =1.610-10% (N x s/m)
A2 Ty = 5.0 () k. = 1.308 - 10 (N/m) oc = 1.610-10% (N x s/m)
A3 Ty =17.5(s) ke = 1.308 - 10 (N/m) oc = 1.610-10% (N x s/m)
B1 (reference) T, =2.5(s) k. = 1.308 - 106 (N/m) oc = 1.610-10% (N x s/m)
B2 To = 2.5 (8) ke = 6.541 - 10° (N/m) oc = 8.049 - 10* (N x s/m)
B3 (refined) To = 2.5 (8) ke = 3.924-10% (N/m) oc = 6.439 - 10° (N x s/m)

In conclusion, by iteratively determining the refined values of the control parameters k. and o, and considering the performance
metrics mentioned above, the system response was further improved. To this end, the original results for the control parameters
obtained from the linearization of the system dynamic model were modified by doubling, tripling, and quadrupling their original
magnitudes. In the transition from the initial values of the control parameters to the doubled ones, it was observed a consistent
reduction of the maximum overshoot of the platform vertical displacement, while this reduction was instead of a minor entity in
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the transition from the doubled to the tripled values of the control parameters, as well as from the tripled to the quadrupled val-
ues. However, the maximum value of the control force also increases significantly with each gain in the magnitude of the control
parameters, leading to a global reduction of efficiency of the control system. Observing this behavior, and also taking into account
the peak of the control force, a new value of the parameter k. was defined using the value for which an improvement of the vertical
displacement of the platform was manifested. It was found then that the refined value of the control parameter k. is three times
the original value calculated by employing the linearized dynamical model. Subsequently, by gradually increasing and testing the
various system responses corresponding to the iterative tuning of the feedback control system, the control parameter o, was mod-
ified as well. After appropriate evaluations, the control parameter . was set equal to four times its original value considered in the
standard controller design, leading to the results reported in Table 9. By doing so, the final performance parameters are consider-
ably improved compared to those originally obtained and reported in Table 8. More importantly, this was not the only improvement
achieved by implementing the iterative procedure described above, since the magnitude of the control force also decreased signifi-
cantly, thereby leading to the determination of the refined set of control parameters shown in Table 10.

As expected, the dynamical simulations of the minimal coordinate multibody model run faster than those of the redundant
coordinate multibody model, as respectively shown by the computational times reported in Table 8 and in Table 9. While the former
dynamical model has a computational time of about 3 seconds, the latter dynamical model has a computational time of about 30
seconds, that is, its simulation time is about 10 times larger than the one of the first mathematical model. It is worth mentioning
that the simulation time depends on several factors, which are only partially related to the presence of the nonlinear control strategy
proposed in this work. The most important factor affecting the computational time is, evidently, the dimension of the dynamical
model to be simulated. Furthermore, in the case of the use of a redundant coordinate multibody formulation approach, the computer
implementation of a constraint stabilization technique in conjunction with the numerical solver is also of fundamental importance,
thereby negatively affecting the efficiency of the dynamical simulations. The use of this additional numerical procedure, however,
is aimed at drastically improving the accuracy of the numerical results. While in the minimal coordinate multibody model only 1
nonlinear differential equation is numerically solved, in the redundant coordinate multibody model, on the other hand, 63 non-
linear differential equations are numerically solved. This process is carried out in conjunction with the application, at each time
step of the dynamical simulation, of the generalized coordinate partitioning method, implemented at both the position and velocity
levels, to the 62 independent algebraic equations describing the kinematic constraints. Therefore, the computational efficiency of
the proposed control method is generally consistent with all the observations reported above.

7. Summary, conclusions, and future directions of research

In this study, a new control strategy suitable for performing the tracking control of fully-actuated multibody mechanical systems
is proposed and its use is demonstrated by means of numerical experiments considering as the case study a pantograph scissor lift
mechanism. In particular, two mathematical models of the articulated mechanical system considered in the paper are analyti-
cally derived in this work, that is, a minimal coordinate multibody model and a redundant coordinate multibody model. Both the
multibody models of the pantograph scissor lift mechanism were implemented in special-purpose and general-purpose computer
codes developed in the MATLAB computational environment. Additionally, the redundant coordinate multibody model was also
implemented in a virtual environment using the SIMSCAPE MULTIBODY software, thereby leading to three computer models of the
same articulated mechanical system, which served as the fundamental computational tools for performing numerical experiments
on the effectiveness of the new control strategy proposed in this investigation.

By adopting a nonlinear feedforward plus feedback control architecture, the present investigation proposes the systematic devel-
opment within the multibody framework of a new control methodology capable of controlling the motion of articulated mechanical
systems and its subsequent computational testing through numerical experiments. More precisely, one of the main contributions
of the present work is the development of a new nonlinear control strategy that leverages a combined control architecture based
on a quasi-static feedforward controller, serving as the modulating controller, in conjunction with an error-based proportional-
derivative feedback controller, representing the compensating controller. In particular, employing both the minimal coordinate and
the redundant coordinate multibody approaches for modeling articulated mechanical systems formed by only rigid components,
this investigation is focused on the systematic construction of two mechanical models of a pantograph scissor lift mechanism that
represents the case study considered in this work. To this end, a minimal coordinate multibody model and a redundant coordi-
nate multibody model are systematically derived in this paper. While the minimal coordinate multibody model serves as the basic
analytical tool for the design of the control law to be applied to the pantograph scissor lift mechanism, the redundant coordinate
multibody model is used in the paper for testing the effectiveness of the proposed control strategy. Numerous computational experi-
ments described in the manuscript demonstrate and discuss the effectiveness of the control approach proposed in this investigation.
It is shown in the paper that the fundamental mechanical parameters of both the feedforward and the feedback controllers can be
readily refined through simple computer simulations to obtain enhanced performance of the system dynamic response evaluated
in terms of the conventional metrics employed in the classical control theory, such as the rise time, the maximum overshoot, the
settling time, and the residual steady-state error.

In the description of the proposed control method, it is assumed that it is necessary to deal with a fully actuated mechanical
system to be controlled. This is a basic assumption behind all the analytical developments presented in the paper. The articulated
mechanical system to be controlled can have an arbitrary number of degrees of freedom and could also be a rigid-flexible multibody
system. Therefore, an interesting issue to be addressed in future investigations is the extension of the proposed method to underac-
tuated mechanical systems, such as flexible multibody systems, in which is challenging, if not impossible, to have a control action
associated with each generalized coordinate. Moreover, to further develop the multibody modeling approach and the nonlinear
control methodology employed in this paper, several directions of research could be followed in future investigations. For instance,
two possible paths of future research work that could be immediately covered are the following. First, the modeling and control
techniques proposed in this paper could be readily applied to robotic mechanical systems having serial or parallel architectures in
order to find a solution to the trajectory tracking problem of the robot end-effector. This family of mechanical systems is particu-
larly suitable for the application of the control method proposed in the paper because, in this case, the control problem is typically
formulated by assuming a fully actuated structure of the array of control inputs. Second, the approach devised in this paper could
also be extended to space systems like rigid satellites with flexible appendages in order to solve the attitude control problem. In
this interesting scenario, the control system should be designed to guide the satellite motion and, at the same time, reduce the me-
chanical vibrations induced by the excitation of the resonant mode shapes associated with its deformable components. Also, the
systematic comparison of the effectiveness and the efficiency of the control method proposed in this work with the performance
of the nonlinear control techniques available in the literature could be the object of future research works. Another challenging
domain of topics that could be addressed in future works is the improvement of the analytical and numerical background used in
the paper for achieving the multibody modeling and the nonlinear control of articulated mechanical systems in general, leading to
more advanced, effective, and efficient solution strategies. All the interesting topics mentioned above will be considered in future
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investigations.
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