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ABSTRACT

Pasi Korkealaakso

Real-Time Simulation of Mobile and Industrial Machines Using the Multibody

Simulation Approach

L appeenranta, 2009

58 p.

Acta Universitatis L appeenrantaensis 347

Diss. Lappeenranta University of Technology

ISBN 978-952-214-791-2, ISBN 978-952-214-792-9 (PDF)
ISSN 1456-4491

This thesis introduces a real-time simulation environment based on the multibody simulation
approach. The environment consists of components that are used in conventional product
development, including computer aided drawing, visualization, dynamic simulation and finite
element software architecture, data transfer and haptics. These components are combined to
perform as a coupled system on one platform. The environment is used to simulate mobile
and industrial machines at different stages of a product life time. Consequently, the demands
of the simulated scenarios vary. In this thesis, a real-time simulation environment based on
the multibody approach is used to study a reel mechanism of a paper machine and a gantry
crane. These case systems are used to demonstrate the usability of the real-time simulation

environment for fault detection purposes and in the context of atraining simulator.

In order to describe the dynamical performance of a mobile or industrial machine, the
nonlinear equations of motion must be defined. In this thesis, the dynamical behaviour of
machines is modelled using the multibody simulation approach. A multibody system may
consist of rigid and flexible bodies which are joined using kinematic joint constraints while
force components are used to describe the actuators. The strength of multibody dynamics

relies upon its ability to describe nonlinearities arising from wearing of the components,



friction, large rotations or contact forces in a systematic manner. For this reason, the
interfaces between subsystems such as mechanics, hydraulics and control systems of the
mechatronic machine can be defined and analyzed in a straightforward manner.

Keywords:. flexible multibody systems, real-time simulation, fault detection, kinematic joints,
floating frame of reference.
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NOMENCLATURE

Symbols

A rotation matrix

A" rotation matrix describing orientation due to deformation at the location of particle P

B transformation matrix from velocities of generalized coordinates to velocities of
independent generalized coordinates

C vector of kinematic constraint equations

C,  constraint Jacobian matrix

d’  vector from P' to P’ defined in a global coordinate system

FP  external force per unit mass

F; j-th force component acting on body

G velocity transformation matrix between angular velocities and first time derivative of
Euler parameters

I (3" 3) identity matrix

K modal stiffness matrix

q vector of generalized coordinates

04 vector of dependent generalized coordinates

g vector of independent generalized coordinates

a; vector of elastic coordinates

m number of constraint equations

M mass matrix

n number of generalized coordinates

P particle in body

p vector of integrable generalized coordinates

Q°  vector of velocity dependent terms due to differentation of constraint equations

Q°  vector of generalized forces

vector of elastic forces
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o

vector of quadratic velocity inertiaterms

position vector of particle P in aglobal coordinate system

R position vector of the frame of reference

R velocity transformation matrix

t time

U, position vector of j-th force component within the frame of reference

U”  position vector of particle P within the frame of reference

U,  position vector of particle P within the frame of reference in undeformed state

u;  displacement of particle P within the frame of reference due to the deformation

v vector within the frame of reference of body in undeformed stete

17 vector within the frame of reference of body in deformed state

Vi vector within the frame of reference of body in deformed state in a global coordinate
system

vi vector within the frame of reference of body in deformed state in a global coordinate
system used in definition of revolute, cylindrical and translational joints

v? vector within the frame of reference of body in deformed state in a global coordinate
system used in definition of revolute, cylindrical and translational joints

\% volume of body

W' work of inertial forces

We  work of externally applied forces

Ws  work of elastic forces

GreeK letters

o matrix of penalty terms

y acceleration of generalized coordinates with zero acceleration for independent
generalized coordinates

a partial differential operator of calculus

g” vector of small rotations due to deformation

0 general rotation vector



vector of Euler parameters

q jE j-th component of the vector of Euler parameters

y) vector of Lagrange multipliers and vector of penalty forces

y vector of penalty forces

n matrix of fictitious damping ratios

r density of body

yi  modal matrix whose columns describes translation of particle P in assumed
deformation modes

\u;’ modal transformation matrix whose columns describes rotation coordinates of point P
in assumed deformation modes

v, modal matrix associated with the node to which the j-th force component applies

7 vector of local angular velocities

Q matrix of fictitious natural frequencies

Superscripts

i Index of the body

i Index of the body

T Transpose of vector or matrix
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1 INTRODUCTION

Simulation is an abstract theme which can be used to describe an imitative action of a real
system. In this study, simulation is comprised of a computer-aided approach to analyze
complex mechanical systems such as mobile and industrial machines. A common feature of
these machines is that they include mechanical components as well as various actuators and
control schemes. In order to simulate a mechanical system using computers, a mathematical
description of the system — a simulation model — needs to be formulated. The simulation
model may include sub-models such as hydraulic, pneumatic or electrical drives. These
actuators are usually important in terms of the dynamic performance of the machines. In order
to provide activation commands to the functions of a simulation model, a user interface and
control system need to be implemented. Further, by adding a visualization system and motion
platform and taking care of computing the simulation model in real time, the entire system
can be defined as a real-time simulation environment, as depicted in Fig. 1.

Figure 1. The coupled real-time simulation environment.

1.1  Overview of multibody system dynamics

A multibody system consists of rigid and flexible bodies, joint constraints that couple the
bodies, and power components describing dampers, springs and actuators. Depending on the
components needed for the multibody model, the dynamic behavior of the syssem can be
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described by a system of equations consisting of differential and nonlinear algebraic
equations. In a historical timeline, multibody system analysis has been developed based on
the achievements of classical mechanics, which is generally divided into two branches. In the
first branch, which can be referred to as the direct approach to dynamics, force and
momentum are considered as the primary parameters in differential equations of motion. This
form of dynamical equation can be directly derived by employing the approach of Newton
and Euler. The second branch is called the indirect or variational approach where forces that
perform no work can be neglected. D’ Alembert studied a set of rigid bodies introducing the
concept of virtual work. In order to make the concept mathematically consistent, Lagrange
utilized the results of d’Alembert, making possible the systematic analysis of a constrained
particle system. Subsequently, the invention of digital computers made it possible to
reformulate these achievements, leading to multibody formalisms in the 1960s [1]. Probably
the best-known method in the field of multibody dynamics is the method of Lagrange
multipliers, which can be derived from the variational approach. When Newton-Euler
equations are used, the linear and angular momentum principles can be utilized directly in
formulating equations of motion, whereas the free body principle can be used to solve the
reaction forces due to the constraints. However, the use of free body diagrams in large
systems is laborious, making the approach vulnerable to human error. Fortunately, the
Newton-Euler equations can be derived from the Lagrange equation using the variational
approach and the centroidal body reference frame. Accordingly, constraints can be taken into
account by applying the Lagrange multiplier theorem to the variational form of Newton-Euler
equations [1].

Flexible multibody dynamics

Multibody dynamics analyses frequently require that structural flexibility is accounted for in
order to reliably predict the dynamic behavior of slender structures under a heavy load. It is
noteworthy that even though the topological structure of models remains unchanged in the
case of rigid and flexible bodies, the modeling of systems with flexible bodies is remarkably
challenging regardless of the method used for describing the flexibility [2].

Common techniques to describe the elasticity of the bodies are the lumped mass technique

and the floating frame of reference formulation. In the lumped mass technique, the body is
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divided into rigid segments which are interconnected by force elements. The method is easy
to implement in simulation software based on the multibody approach due to the fact that
each segment can be treated as arigid body. However, after segmentation, each flexible body
contains several rigid bodies increasing the degrees of the freedom of the system. In practice,
the method can be used to describe beam type bodies. In this thesis, structura flexibility is
accounted for by using the floating frame of reference formulation. In the method, the
generalized coordinates that define the configuration of the flexible body can be divided into
ones that describe the position and orientation of the reference coordinate system and ones
that describe deformations with respect to the reference coordinate system. In the floating
frame of reference formulation, deformations are usually described using methods based on
the finite element approach. The first general purpose implementation of the floating frame of
reference formulation applicable to large flexible multibody systems in planar cases was
introduced by Song and Haug [3]. They used nodal coordinates from finite element
discretization to describe deformations. Nevertheless, in that study, the implementation was
cumbersome especially for geometrically complex bodies, leading to computationally
expensive equations of motion due to a need for a large number of nodal coordinates. To
reduce the number of coordinates related to flexibility, Shabana [4] extended the floating
frame of reference formulation to three-dimensional mechanisms, and proposed the use of
component mode synthesis to extract the structural vibration modes. In this way, the set of
nodal coordinates from the finite element method can be replaced by a lower number of
modal coordinates, making the numerical solution of the equations of motion more efficient.
However, the general purpose application of the approach was impeded because elements
used in the modeling of flexible bodies were included in the solution algorithm leading to
element-specific volume integrals to be solved. Yoo and Haug [5, 6] introduced the use of
static correction modes in order to account for local deformations due to joint constraints and
force components. The advantage of the method is that it alows vibration and atic
correction modes to be solved directly using commercial finite element software.

Real-time multibody dynamics
Real-time simulation can be defined as a special case of conventional simulation. In the case
of real-time simulation, the software modules must be able to process all actions according to

predetermined time requirements. In order to influence the simulation, the software modules
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need to have a time synchronous connection to the real world. The connection can be
accomplished, for example, using data from external devices (Hardware-in-the-Loop

simulation — HIL) or by visual observation (Man-in-the-Loop simulation — MIL).

Generally, the equations of motion can be formulated using either the topology based
approach or the global approach. The approaches differ in the choice of generalized
coordinates used in the description of the system configuration. The topology based approach
employs relative coordinates, which allows the kinematic analysis to be accomplished
recursively by studying one body a atime in a kinematic chain. The number of generalized
coordinates required in the approach is egqual to the number of degrees of freedom in open
kinematic chains of the system. Impeding the approach is the fact that closed kinematic chains
must be opened before kinematic analysis by removing the necessary number of joint
congraints. Removed joint constraints must be taken into consideration in the solution of
dynamic responses. The method leads to strongly nonlinear equations of motion that may be
difficult to represent in a general form. On the other hand, the matrices to be solved remain
small, which often makes the method computationally efficient. A general purpose algorithm
for solving rigid body systems using the topological approach was introduced by Kim [7]. He
used global coordinates to describe the system, while the solution itself was achieved using
coordinates that describe the degrees of freedom of joints. This was accomplished by mapping
global variables into joint variables using the velocity transformation matrix [8]. A similar
approach for natural coordinates was introduced by Garcia de Jdon and Bayo [9]. Chang and
Shabana [10, 11] derived the recursive velocity transformation equations to flexible
multibody systems, but they did not demonstrate a systematic approach to execute the
velocity transformation. A systematic approach to obtain the velocity transformation matrix
for flexible multibody systems was proposed by Lee [12]. In global methods, generalized
coordinates are used to describe the position, orientation and state of deformation of each
body. In order to couple the bodies together, the kinematic joints are defined in terms of
congtraint equations that are functions of the generalized coordinates. Consequently, the
equations formulated for each body are of the same form, leading to the systematic assembly
of equations of motion for the entire system. The disadvantage of this method is that it leads
to large systems of equations due to a large number of generalized coordinates, and for this

reason the method may be computationally inefficient. However, it has been perceived that
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global methods may be more efficient than topological methods in the solution of systems
consisting of less than 50 generalized coordinates [13].

Constraint modeling

Creating a general-purpose multibody algorithm that takes structural flexibility into account is
a challenging endeavor. One of the most difficult tasks in the implementation is to create a
component library, which is needed for taking kinematic joint constraints into consideration.
References [14, 15] introduce an approach which models joint constraints by using virtual
bodies. In this approach, the constraint equations are developed between massless rigid
bodies. The advantage of this approach is its applicability to be used in different descriptions
of flexibility. On the other hand, adding virtual bodies increases the computation time
compared to methods which derive joint constraints individually for each approach to
describing flexibility. The formulation of kinematic joints composed of simple basic
congraints in the case of sysems of rigid bodies has been discussed in References [16, 17].
The basic constraint equations for modeling spherical, universal and revolute joints between
flexible bodies have been presented in Reference [5]. Shabana [18, 19] has introduced an
approach based on intermediate body fixed joint coordinate systems which are rigidly
attached to joint definition points. In this approach, the joint coordinate systems are used to
derive basic congraint equations including sliding joints with the assumption that the joint
axis can be described as arigid line. Cardona [20] has introduced the finite element approach
for mechanical joints, which can be integrated into finite element software. In Reference [21],
the basic joint constraints were used in the context of topological multibody formulation.
Hwang [22] has presented basic constraint types used with trandational joint models which
account for the deformation of the axis line. Hwang used the floating frame of reference
approach accounting for multiple contact points, whereas the numerical results are only
shown in the case of a single contact point.

In order to be able to employ traditional solvers for the Ordinary Differential Equation (ODE)
within the system of equations, the constraint equations must be differentiated twice with
respect to time. It is important to note that in previous literature, the terms of the Jacobian

matrix and terms that are related to second time differentials of basic constraint equations are
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not explicitly presented. In order to aleviate the development of modular simulation, the

components that are required to take constraints into account need to be obtained.

1.2 Real-time simulation environment

In most cases, the traditional simulation methods used in the product development processes
are free from solution time restrictions. Accordingly, the simulation of a few seconds is
allowed to take several hours of real time. In these systems, the control signals of the
simulated system must be pre-defined and, for this reason, user interaction is described more
or less experimentally based on measured data. When the simulation is executed in synchrony
with real-time, the operator can produce a control signal during simulation. Real-time solution
requirements often force to simplify the simulation model. In practise, the real-time model

can be considered as a trade-off between efficiency and accuracy.

Real-time simulation environments are complicated systems consisting of several different
engineering disciplines. Developing a real-time simulation environment requires considering
various aspects, including modeling, numerical methods, computer science and programming,
and control and automation engineering. The components needed in real-time simulation
environments can be categorized into three main fields: functional model components,
immersion related components and simulator description components. The functional model
includes the dynamical model of a machine in its operational environment. Immersion related
components contain, for example, visualization and audio system haptic devices and a motion
platform. Finally, simulator description components are used to connect different areas and to
define the simulator environment. Each above-mentioned set consists of several submodules

with well-defined data-transfer interfaces.
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Figure 2. The modular structure of the real-time simulation environment.

Thiswork introduces a modular real-time simulation environment that is depicted in Fig. 2. In
the real-time simulation environment introduced, the separate modules are categorized into
four levels according to Fig. 2. The first level is the model definition level. The model is
defined utilizing XML-based files which can be read using the parser module. The second
level comprises the dynamics solver module containing the control interface to enable
operator interaction and the separate collision detection module. The modular design has been
applied throughout the entire software architecture. The core of the real-time dynamics solver
consists of two datic libraries: the solver library of numerical algorithms and the modeling
library of the formulations of dynamics equations. At the third level, the interface between the
solver and the visualization modules as well as the motion platform module at the fourth level
are defined. The visualization module provides a Graphical User Interface (GUI) to control
model parameters during simulation via a client-server interface. Due to the well defined
interfaces between the modules, the real-time simulation environment enables the rapid and

straightforward implementation of new components by updating individual function libraries.

The modular structure used in the real-time simulation environment enables the use of
distributed computing, allowing the allocation of independent modules to separate computers.
The use of distributed computing provides computational resources for the solver, as it is

executed on an independent processor. At the moment, the environment consists of two
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computers, one for the graphics engine and the other for the solver core. The graphics engine
isimplemented on a Windows operating system, while the solver core is portable to Windows
and Linux operating systems. The communication between these components is implemented
through standard network sockets. The same approach may be taken to distribute more
subsystems of the simulator into additional nodes. This approach requires that the subsystems
are independent of each other. In addition, the processing power required by the subsystems
dictates whether multiple nodes can be used effectively.

The solver module is implemented using ANSI C. This enables portability to different
operating sysems and computer architectures. The modeling library includes several
combinations of multibody formulations for rigid and flexible bodies including both the
Newton-Euler and Euler parameter forms of constrained equations of motion. The Newton-
Euler equations are, however, preferable in order to reduce the number of velocities and
accelerations of the generalized coordinates. In addition, the equations of motion may be
simplified and a constant mass matrix may be obtained, resulting in a more efficient solution.
Kinematic joint constraints have been taken into consideration in the differential equations
using either Lagrange multipliers or penalty functions. In order to describe the system with
the minimum set of differential equations, the projection matrix from the independent
generalized coordinates to the dependent ones can be solved by partitioning the generalized

coordinates.

The graphics engine for the real-time simulation environment is implemented using C++,
which allows the flexible addition of features. The engine is based on the OpenGL library for
graphics environments and the OpenAL library for audio environments. The OpenGL Utility
Toolkit (GLUT) simplifies the use of projection matrices and the positioning of the camera
point. The optional stereoscopic view uses the OpenGL quad buffer feature. The graphics are
imported using the 3ds file format, which enables the efficient pre-processing of the graphics
objects in external software. Another important feature of the 3ds file format is its structure,
which consigts of object related meshes that are based on triangle polygons. A single object
may have several meshes, and consequently, the structure may be used in collision detection.

An efficient collision detection tree can be obtained by considering the collision detection
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during the design of the 3ds graphics. Moreover, some of the non-colliding features can be
eliminated already at the trunk level of the collision detection tree.

1.3 Contribution of thethesis

This thesis introduces a design engineering approach to the implementation of a real-time
simulation environment of machines systems. In the real-time simulation environment,
mechanical structures including flexibility as well as hydraulic actuators with associated
control schemes can be described. The simulation environment introduced in this study
includes a user interface with appropriate visualization and a motion platform. The real-time
simulation environment introduced can be utilized in the following stages of a product life
cycle: operator training, product development and failure analysis. The main contribution of

the thesis can be further divided into the following sub-studies:

Fault detection of a redl using the multibody simulation approach
Using the multibody simulation approach for fault detection purposes, the supervision of a
machine can be focused on the functionality of the entire process instead of an individual
component. In this thesis, the multibody system simulation approach is applied to the fault
detection of the reel mechanism of a paper machine. Due to the requirements of real-time
computing, different multibody formulations are compared, and the most appropriate one can
be chosen for each case. This original scientific contribution has been published in the
following journal papers:
- Korkealagkso, P., Mikkola, A., Rouvinen, A., 2006, “Multi-Body Simulation
Approach for Fault Diagnosis of a Reel”, Journal of Multi-body Dynamics, 220(1), pp.
9-19.
- Korkealaakso, P., Rouvinen, A., Mikkola, A., 2006, “Multibody Approach for Model-
Based Fault Detection of aReel”, Journal of Computational and Nonlinear Dynamics,
1(2), pp. 116-122.

Joint constraint modeling of rigid-flexible mechanisms
In order to model rigid-flexible mechanisms, a general approach is needed to define joint
congtraints. This study provides detailed derivations of constraint equations that can be

applied with the floating frame of reference formulation. The derivation is accomplished with
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the help of three basic constraints, which can be further utilized in the modeling of joints. The
basic components derived can also be used in methods based on the system topology when
joint constraints are removed in order to open closed chains. In this sub-study, generalized
Newton-Euler equations of motion have been derived according to the principle of virtual
work, while the local angular accelerations of the frame of reference are variables to be
integrated ahead of time. This original scientific contribution has been published in the
following journal paper:
- Korkealagkso P., Mikkola, A., Rantalainen, T., Rouvinen, A., 2009, “Description of
Joint Congtraints in the Floating Frame of Reference Formulation”, Journal of Multi-
body Dynamics, 223(2), pp. 133-145.

The structure of the real-time simulation environment in the framework of a gantry crane
training simulator
This thesis introduces a real-time simulation environment which can be used in the
application of mobile as well as industrial machines. The environment introduced is modular
and easily expandable, which systematically and efficiently facilitates studying and testing
different modeling approaches and modules, such as motion platforms, visualization
environments and additional computational nodes. In these simulation models, the mechanical
dynamic model including rigid and flexible bodies, hydraulic subsystems, electric motors, a
visualization system and motion platform with control devices can all be coupled together.
The original scientific contribution associated with the real-time simulation environment has
been published in the following journal papers:
- Korkealagkso, P., Rouvinen, A., Maisio, S. and Peusaari, J., 2007, “Development of a
Real-Time Simulation Environment” Multibody System Dynamics, 17(2-3), pp. 177-
194.
- Rouvinen, A., Lehtinen, T., Korkedaakso, P., 2005, “Container Gantry Crane
Simulator for Operator Training”, Journal of Multi-body Dynamics, 219(4), pp. 325-
335.
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2 MODELING OF MULTIBODY SYSTEMSUSING THE

REFERENCE FRAME APPROACH

The method of the floating frame of reference is the method most frequently applied to
describe linear deformations in multibody applications. This is due to the computational
efficiency of the method and the possibility to utilize commercial finite element software to
define properties of flexible bodies. In this chapter, the floating frame of reference approach

with three different descriptions of equations of motion is briefly introduced.

2.1  Spatial kinematics of a flexible body

The floating frame of reference formulation can be applied to bodies that experience large
rigid body trandations and rotations as well as elastic deformations. The method is based on
describing deformations of a flexible body with respect to a frame of reference. The frame of
reference, in turn, is employed to describe large trandations and rotations. The deformations
of a flexible body with respect to its frame of reference can be described with a number of
methods, whereas in this study, deformation is described using linear deformation modes of

the body. Deformation modes can be defined using a finite element model of the body. Fig. 3
illustrates the position of particle P' in a deformed body i.

Figure 3. The position of the particleP' in global coordinate system.
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The position of particle P' of the flexible body i can be described in a global coordinate
system using the vector r?' as follows:

rﬁ:W+NUﬁ:R+Nbf+ﬁ¢ (1)
where R' isthe position vector of the frame of reference, A'is the rotation matrix of body i,

u® isthe position vector of particle P' within the frame of reference, Uopi is the undeformed

position vector of the particle within the frame of reference, and U7 "isthe displacement of
particle P' within the frame of reference due to the deformation of body i. In this study, the

i iT i i i L.
rotation matrix A' is expressed using Euler parameters 0 =|g5 g~ g qgr | in
order to avoid singular conditions which are a problem when three rotational parameters are

used, such as in the cases of Euler and Bryant angles [23]. The rotation matrix can be written

using Euler parameters as follows:

&- e f -l afas - ol aFaf +afal | o
A =28g5q; +aa;  -lat)-les] arar -aral

gqlEingi ) quiqui q2|5iq35i +quiq1Ei %_ qlE')2 _ qul)zg

The following mathematical constraint must be taken into consideration when Euler
parameters are applied:

R R Y 7 I 3

The deformation vector Ty " can be described usi ng a linear combination of the deformation
modes as follows:

uf =yl d,, “)
where wgi is the modal matrix whose columns describe the translation of particle P' within
the assumed deformation modes of the flexible body i [18], and g is the vector of elastic
coordinates. Consequently, the generalized coordinates that uniquely define the position of
point P' can be represented with vector p' as follows:

piT :gRiT 0EiT iTE:'T. (5)
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The velocity of particle P' can be obtained by differentiating the position description (Eq. 1)
with respect to time as follows:

=R AT G o AT ®
where @' is the vector of local angular velocities. In Eqg. 6, the generalized velocity vector

can be defined as follows:
§" :[F&J - aifT]T. )
By differentiating Eq. (6) with respect to time, the following formulation for the acceleration
of particle P' can be obtained:
B =R+A GG +A ST +2A " +A E (8)
where @' is a skew-symmetric representation of the angular velocity of the body in the frame
of reference, ® is the vector that defines the translational acceleration of the frame of

reference, A'@'@w't" is the normal component of acceleration, A'&'u” is the tangential

component of acceleration, 2A' @'§°' is the Coriolis component of acceleration and A' '

isthe acceleration of particle P' due to the deformation of body i.

When deformation modes are used with the floating frame of reference, rotations due to body

deformation are usually ignored. However, in order to compose all of the basic constraints,

rotation due to body deformation must be accounted for. The vector V| due to deformation at
the location of particle P' within the frame of reference can be expressed as follows:

v =APY ©)
where V' is defined in the undeformed state a the location of particle P', and A?i is a

rotation matrix that describes the orientation due to deformation at the location of particle P'

with respect to the reference frame. Note that all components in Eq. 9 are expressed in the

reference frame. The rotation matrix Ai’i can be expressed as follows:

AP =1+5" (10)
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where | isa (3" 3) identity matrix and 7" isaskew symmetric form of the rotation change
caused by deformation. Rotation changes due to deformation can be represented in the
following way:

gPi :lll;i qlf , (11)

where \Il; " is the modal transformation matrix whose columns describe rotation coordinates

of point P' within the assumed deformation modes of the flexible body i [18], and ¢, is the

vector of elastic coordinates.

2.2 Virtual work

The equations of motion can be developed using the principle of virtual work, which can be
written for inertia forces as follows:
(12)

i . iT i .
aw'" = (‘y'drp & dv',

Vi
where dr® is the virtual displacement of the position vector of a particle, &' is the
acceleration vector of the particle defined in Eq 8, p' is density of body i, and V' isvolume

of body i. Accordingly, the virtual displacement of the position vector can be expressed in

terms of virtual displacement of generalized coordinates as follows:

6 |0
iT ) . ' & =piT iT(
dr” =|dR" do" dq,'| & ar AT (13)
Py i T
Evr A"

where d@' is virtual rotation. By substituting the virtual displacement of the position vector
(13) into the equation of virtual work of the inertial forces (12) and by separating the terms
related to acceleration from the terms related quadratically to velocities, the following
equation for the virtual work of inertial forces can be obtained:
| I i (14)
aw' =dq'[M' §+Q"| ,
where M' is the mass matrix and QVi is the quadratic velocity vector. The mass matrix can be

expressed as follows:
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And, correspondingly, the quadratic velocity vector takesthe form

é A :i:iUPi+2Ai =i Pl i u
v N ig =pi w—iw:ifpi ::T;"iR «z'f i G i (16)
Q:dg-u o'l -2U0" o'y, fHdV

. i iT . i
u"+2y; o'vi 4 Y
The virtual work of the externally applied forces can be written as:

aw? = g F v =dg Q7 4
Vi

where F*' is external force per unit mass and Qei is the vector of generalized forces which

can be expressed as follows:

é ¥ ., U (18)
& akF, U
é = U
i ég~ 1_.0
Q" =ea UjA" Fjy
g U
&g iTAiT =il
av;, A Fiy
& b

where F j‘ is the j-th force component acting on body i, ﬁji isa skew symmetric matrix of the

location vector of the j-th force components, and \Ili,- is the terms of the modal matrix

associated with the node to which the j-th force component applies.

The elastic forces can be defined using the modal stiffness matrix K' and modal coordinates.
The modal gtiffness matrix is associated with the modal coordinates and the matrix can be
obtained from the conventional finite element approach using the component mode synthesis

technique [18]. The virtual work of elastic forces can be written as follows:
AW = dqifT Kigh. (19)

Accordingly, the vector of elastic forces can be represented as follows:
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0
0 (20)
'q

Q"' =

e sy ey eny enid

(&) D D D

Using Egs. 14, 17 and 19, the equation of virtual work including inertial, external and internal
force components can be written as follows:
dqi lMI mi_'_QVI_'_QfI_ QeIJ:O.

The terms inside the brackets can be used to form unconstrained Newton-Euler equations as

(21)

follows:
éé,.ildvi diAiﬁPidVi diAi PidVi l]
e - Vr u
& Vi vi L’Jéﬁ'l:l (22)
ra) C~iT~i . o~ T ]
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Equations of motion in this form are referred to as Generalized Newton-Euler equations in

Reference [18], where Newton-Euler equations of rigid bodies are extended to flexible bodies.

221 Integration of the equations of motion

Due to the use of Generalized Newton-Euler equations as a description of dynamics, the
equations of motion are expressed using the angular velocity and angular acceleration vectors.
Eq. 22 can be solved for angular accelerations in the body frame which can be integrated with
angular velocities. However, the problem arises when the coordinates describing the
orientation of the body have to be solved. This is due to the fact that angular velocities cannot
be directly integrated with the parameters which uniquely describe the orientation of the body.

For this reason, a new set of variables p is defined, containing the orientation coordinates of

the body reference frame. In order to integrate the position level coordinates, the first time
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derivative of Euler parameters and the vector of angular velocities defined in the body

reference frame can be related through the following linear expression:
ge :;*iTai, (23)

2
where the velocity transformation matrix G' can be written as follows:

gi

 Se a a -aqd
G'=&q -5 q G 0 (24)
e _E! E! u

§% @& -4 G g
The time derivatives of the body variables to be intergrated can be stated using vector p as

follows:

iT_ EpiT i’ iTl\JT (25)
p _gI& é @f é y

which can be integrated to obtain position level generalized coordinates p.

2.3  Description of multibody equations of maotion

In this section, the three multibody formalisms used in this work are briefly described. The
formalisms discussed here are the method based on Lagrange multipliers, which is also
referred to as the descriptor form [24, 18], the penalty and augmented Lagrangian methods
[25, 9] and the method based on projection matrix [26, 27, 28].

23.1 Method of Lagrange multipliers

When constraint equations are augmented to equations of motion using the Lagrange

multiplier technique, the result can be written as:

M§+C;i=Q°- Q"-Q", (26)
where q is the vector of n generalized coordinates that define the position and orientation of
each body in the system, M is the mass matrix, Q° is the vector of generalized forces, Q" is

the quadratic velocity vector that includes velocity dependent inertia forces, C, is the

Jacobian matrix of the constraint equations, Q" is the vector of elastic forces and 4 is the

vector of Lagrange multipliers. To satisfy a set of m constraint equations related to
generalized coordinates, the following equation must be fulfilled:
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Clat)=0, 27)
where C is avector of constraints of the system and t is time. Egs. (26) and (27) comprise a
system of differential algebraic equations (DAE) which describe the dynamical behavior of
the mechanics. In order to solve the set of equations using ordinary integration methods for
differential equation (ODE), the equations must be transformed to the second order ODE. For
this reason, Eq. (27) is differentiated twice with respect to time:
&a.4.8.t)=C, 8+ Q" =0, (28)
where Q° includes velocity dependent terms due to differentation. By combining Egs. (26)
and (28), the matrix representation of equations of motion can be obtained as follows:
. T Ao o~y s
¢ OBy o b )
where the invertable matrix is of the size (m+ n)' (m+ n). The equation of motion can be
integrated using the standard ODE solver [18]. However, equations of motion cannot
guarantee that constraint equations in Eq. (27) are satisfied. This is due to the fact that during
the differentiation of a constraint equation, constant terms disappear, and consequently, Eq.
(29) fulfils the constraints at acceleration level only. Therefore, numerical integration causes
errors to accumulate in the kinematic joint constraints. To overcome this problem, a
stabilization method must be used. Another possibility to solve this problem is to use methods
which produce a general solution to differential algebraic equations[9, 29].

232 Augmented Lagrangian method

In the penalty method, Lagrange multipliers are eliminated from the equations of motion by
employing penalty terms. This procedure leads to a set of n differential equations as follows:
(M +clac,)=Q°- Q- Q'- Cla(Q°+20ué+02C), (30)
where a, @ and p are m" m diagonal matrices which contain penalty terms, natural
frequencies and damping ratios for constraints, respectively. If the penalty terms are

equivalent to each constraint, the matrices are identity matrices multiplied with a constant

penalty factor.
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A drawback associated with the penalty method is that large numerical values for penalty
factors must be used, which may lead to numerical ill-conditioning and round-off errors.
However, the method can be improved by adding penalty terms or correction terms which are
zero when constraint equations are fulfilled. Using this approach, equations of motion can be
written as follows:

(M+cClac,)=Q°- Q'- Q'- ClalQ°+20pné+0Q?C)+C] 1, (31)
where 1" is the vector of penalty forces. By comparing Egs. (1) and (31), it can be concluded
that

2= 2~ alC, 4+ Qo+ 20nd+02C). (32)
Since the exact values of A" are not known in advance, an iterative procedure should be used
asfollows:
ia =7 - ol §+Qc+20pd+Q2C), (33)
where 4, =0 isused for the first iteration. Using this equation, the forces caused by errorsin
constraint equations at iteration i+1 can be defined and compensated. In this case, the penalty
terms do not need to have large numerical values. An iterative procedure can be applied
directly to Eq (31), which leads to the following expression:
(M +ClaC, )., =M &- Clo(Q°+20pé+0?C). (34)
In the case of the first iteration, M &, =Q°- Q*- Q'. The leading matrix of Eq. (34) is a
symmetric and positive definite, which makes the solution of the equation efficient. This

formulation behaves satisfactorily also in singular configurations of a mechanical system.

2.3.3 Method based on projection matrix

The two previously introduced formulations define the equations of motion using a complete
set of generalized coordinates. However, the number of the equations can be reduced to the
minimum number of differential equations using a set of independent generalized coordinates.

Independent generalized velocities § can be defined as a projection of velocities of
generalized coordinates § using matrix B asfollows:

4 =Bg. (35)
It is noteworthy that the rows of matrix B are linearly independent. For skleronomous

systems, a solution to describe the transformation from independent generalized coordinates
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to a complete set of generalized coordinates is available and can be defined using

transformation matrix R as follows:
§=Rg. (36)
Using coordinate partitioning to dependent ¢, and independent ¢, generalized coordinates,

vector g can be written in the partitioned form q= [q(] q’ ]T . The virtual change of
generalized coordinates with respect to constraint equations can be expressed as follows:

C,dqs+C,dq =0, (37)
where C, and C, are partitioned Jacobian matrices. C, is a m x m matrix where m is the
number of constraint equations. Using Eq. (37), the virtual change of dependent generalized
coordinates can be defined as:

dq, =-C,C,dq. (38)

The virtual change of generalized coordinates can now be expressed using independent
generalized coordinates as follows:

Correspondingly, the transformation matrix R can be expressed as follows:
PPN
o CQu Cq\ l:I

R = u-
('

(40)

D: (D>

Using coordinate partitioning, accelerations of generalized coordinates can be written as

follows:
o éclc u
b=a, q=e “ “gl+y (41)
éha &6 | 0

with the definition

= g o [(Cq 8), 6+ 2C, §+C, 3 “2)
é 0 8

It can be seen that vector y consist of the accelerations of generalized coordinates when the

accelerations of independent coordinates are equal to zero. Using Eq. (42), Eqg. (41) can be

written as follows:

G=R&+y. (43)
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Substitution of the result into Eq. (26) leads to:

R™MR§+R™My- RT(Q°- Q'- Q')=0. (44)
This equation of motion can be solved for independent accelerations which can be integrated
to solve the new independent velocities and positions for the next time step. This form of
equation of motion is complicated and highly nonlinear and the set of independent

generalized coordinates must be changed every time when the pivot of C, ~approaches zero.

2.4  Kinematicjoint description

In this section, geometric constraint equations are derived for three basic constraint
components, which can be further applied to the modeling of spherical joints, revolute joints,
cylindrical joints and translational joints. The terms within the equations of motion that are
related to the constraints are formulated so that they can easily be incorporated into multibody

dynamics codes.

2.4.1 Basic Constraints

Joints in multibody systems can be described as combinations of three basic congtraints.
These basic constraints are the spherical constraint and two different perpendicularity
congtraint conditions. The basic congraints for rigid bodies have been presented eg. in
References [17] and [16]. For flexible bodies, however, there is no comprehensive analytic
representation which could describe all of the components in Eq. (24) that are related to the

congtraints.

Spherical Congraint on Two Points

The spherical constraint on two points, which is depicted in Fig. 4, is a simple basic constraint
that prevents translational movement between two bodies. The constraint equation can be
defined at given points P' and P’. This basic constraint removes three degrees of freedom

from the system.
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Figure 4. Spherical constraint on two points.

The constraint equation associated with points P' and P! can be written as follows:
C*=RI+AT”- R- A'T" =0. (45)
By differentiating Eq. (45) twice with respect to time, the following equation can be obtained:
& =c:g+(c; a)qa
=R-ATE +A GG T +2A G E ATy @ (46)
-BLATTE - A G U - 2A 'E7 - Ayl
Based on Eqg. (46), the following terms can be obtained for generalized coordinates related to
the translation, orientation and flexibility of the Jacobian matrix:
ci=lr AE cAwE 1 AT Ay (47
Similarly, a vector that includes quadratic velocity terms can be obtained as follows:

Q" =-(C &), 4=-A’ Tl TRy ) PN v T (48)

Perpendicular Constraint C*

The perpendicular constraint (type 1) preventing the rotation of vectors with respect to each
other on levels which are not perpendicular to each other. The perpendicularity constraint is
illustrated in Fig. 5. This basic constraint can be described with one constraint equation,

which removes one degree of freedom from the system.



35

y
Zi
? X! %
Y
R’ RI
Xj
X
& >

Figure 5. Type 1 perpendicular constraint.
The constraint equation for a perpendicular constraint of vectors can be written as
. . . . . . . it o . i .
ch=vi'vi=vi"ATATY] =7 AP ATATAP Y =0, (49)

By differentiating the equation twice with respect to time, the following equation can be
obtained:

& =coig+(Coa) g=0,"vi+v, @+ 20, Y]
=- v/ ATAE -0 ATATT ) - AT
-V ATATT ! gl +\7fJTAjTAi5i(‘%i\7if+2&if) (50)
+\7ifTAiTAj51(5j\7fj+2&fj)+2(Ai5\7}+Ai&‘f)T(Ai51\7fj+Aj&fj)_

Based on Eg. (50), the following terms can be obtained for generalized coordinates related to
the translation, orientation and flexibility of the Jacobian matrix:

cg‘l:[o SV ATATY ST ATATT Y L
L 0 -vi ALAIV] -V ATAIV yr |,
Correspondingly, the term that includes quadratic velocity terms can be represented as
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Perpendicular Constraint C*

Perpendicular constraint type 2 differs from type 1 in that one of the vectors is defined as
constant with respect to body i, whereas the other is defined between the bodies as shown in
Fig. 6. This constraint is also known as the point on plane since it contains one constraint

equation eliminating one degree of freedom.

Figure 6. Type 2 perpendicularity constraint.

The constraint equation for atype 2 perpendicularity constraint can be represented as

cd2 :Videij :VifTAiT(Rj+Aj oP'- R- AiUPi) (53)

—iT

it ; ; i i . _pi
=V; A} A'T(RJ+AJUP’- R'-A'UP):O,

where d' isvector from P' to P! defined in the global coordinate system. By differentiating
the equation twice with respect to time, the following equation can be obtained:
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@2 =corgr(Ca) g=a d'+v, @+ 20, d
et A e
v ATR-VTATATTYE v ATATYR g (54

+d”TA‘5i(a'v'+2&')+v; A Alal(alﬁ +2i&'“)

+2(A 0V +A'E )(F%'+A'wu TrATEP I&i)
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-
+V @'o'u™+2v 8"

Based on Eq. (54), the following terms are obtained for generalized coordinates related to the
translation, orientation and flexibility of the Jacobian matrix:
cz=lv"AT wTE-d AT - vyl - ATy L (55)
L A -v ATAI G v;TA‘TAJ’w;j].
Correspondingly, the term that contains quadratic velocity terms can be expressed as follows:
Q¢ =-(c,a),4=- 0" A'G' GV, +28)- v,  ATA GG U + 267
_ 2(AI alv; +Ai #i )T(I&J_l_AJ 5]UPJ+Aj ﬁpj_ F&I)

-V a'a'u”+28 o't + 28§

(56)

24.2  Modéding of Joints Based on Basic Constraints

In this section, the basic joint types used in multibody dynamics modeling applying the basic
congtraints presented above are briefly introduced. With different combinations of basic
congtraints, it is possible to model any joint. Table 1 summarizes partial derivatives with
regard to generalized coordinates for each basic constraint.

Table 1. Partial derivatives for basic constraints.

CS Cdl Cd2
Cri | -1 0 - Vi AT
Csi | A'TP -l ATAT v o - diTAT
Co |- AyE SUTATAT P 0yl - dT AT
Cr; | | 0 vifTAiT
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i =pi T AiT A i ,T i =pi
Coj | -AlT" -V ATATY) TATATGY

Co | Aly? -V ATATT R e AT A

Table 2 presents the components of the constraint force vector related to the basic constraints.

Table 2. Components of the constraint force vector related to basic congtraints.
Q.
Q° | -aaEur v 28 )+ A e (o 287 )

d1

Cc

VTATA G G 28 )-viTATA TG (@ v+ 2¥])
opiav +A ¥ ) (AT GIvI+A )

AT A @28 )- v T AT A G (G TR + 2dR
NN TS CYPUNT IR IUNT L &)
-V a'eu” 2% out + 28 g"

In the case of spherical joints, universal joints and revolute joints, the constraint location
remains in place and the joints can be modeled by changing the congtraints of the rotations.
Joints such as cylinder and translational joints that enable relative translational movement
between bodies are challenging to model due to their varying location, to which the constraint
isapplied. For flexible bodies, the location of the constraint must be solved for each time step.
The location can be found for instance by applying interpolation between the nodes of the
joint. Table 3 summarizes the descriptions of the joints and constraint equations with which

they can be modeled.
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Table 3. Descriptions of joints and basic constraint equations applied to them.

Joint Illustration Constraint
equations
Spherical joint C®

The <spherical joint is the
simplest to model and can be
described using one of the basic
congraints.  In  the point
constraint, the global
coordinates of the points must
be located overlappingly. The
spherical joint congrains three
degrees of freedom from the
system.

Universal joint

Universal joints can be modeled
with a spherical constraint and a
type 1 perpendicular constraint.
The universal joint removes four
degrees of freedom from the
system.

Revolute joint

A revolute joint can be adapted
from the universal joint by
adding another type 1
perpendicularity constraint. The
revolute joint removes five
degrees of freedom from the
system.

Cylindrical joint

The modeling of a cylindrical
joint requires two type 1
perpendicular  constraints to
prevent the relative rotation of
the bodies at point P, and two
type 2 perpendicular constraints
to maintain point P' on the
translational axis. The
cylindrical joint removes four
degrees of freedom from the
system.
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Trandglational joint c#
A trandational joint can be c*
derived directly from the c™
cylindrical joints by adding a cd?
type 1 perpendicularity co2

congtraint. A translational joint
removes five degrees of
freedom from the system.

It is important to note that basic constraints can be combined in various other ways than the

ones described in Table 3. Due this fact, also more unconventional joints can be described.

3 A DESCRIPTION OF A REAL-TIME SIMULATION

ENVIRONMENT

In real-time simulation, the main challenge is to give an accurate and realistic response from
the simulated system while maintaining sufficient number of details in the model. The larger
the number of details, the more applicable the simulator is for different purposes. The detailed
simulator can be applied to several areas of applications, such as product development, testing

and diagnostics, training and research.

In the automotive industry, simulators are widely used in product development. Daimler-Benz
tested concepts of all-wheel steering in a simulator [30]. The company found a set of
parameters which allow driversto perform optimally. Later, the set of parameters was verified
in a real car. Currently, the most advanced driving simulator is the National Advanced
Driving Simulator — NADS [31] — which includes engineering level detailed vehicle
dynamics. The NADS simulator is used to enhance product development and analysis with
the help of human-in-the-loop prototyping [32]. Generally, using a simulator in product
development has many benefits. Several design concepts can be tested due to rapid design
changes in the early stages of development. Simulation data can be recorded from the real-

time simulator and can be used as input data in non-real-time analysis. Simulation in the early
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stages of development is often implemented by omitting the motion platform because in
simulators for product development purposes the numerical results are usually the most
interesting. A motion platform is needed when the “handling qualities’ are under
development and for example the vibrations induced by the dynamics of the vehicle are
studied.

Training simulation is an important application area for simulators. A survey of driving
simulators can be found from Reference [33]. A training simulator may consist of different
levels of details. Training on basic controls can be arranged using a procedural simulator
without the need for sensing a real operation environment. Advanced handling skills with
different operation scenarios can be trained using a high end ssmulator with a motion
platform. When the simulator is used for research purposes, the usage of a motion platform
becomes increasingly important. The simulator can be used to study the interaction between
machine and operator since a variety of problems related to the human factor can be addressed
in a straightforward manner by the simulator. Also several other advantages can be obtained
using training simulators. They are more economical, versatile, ecological and safe than the

use of an actual machine.

In this chapter, the individual modules of the real-time simulation environment are
introduced. The modules of the environment are the dynamics solver, visualization, parser,
and server modules. Besides the description of mechanical as well as actuator components
and congtraints in the dynamics function library, the dynamics solver module comprises the
numerical integrator and solution algorithms. The dynamics solver module interacts with the
visualization module via the server module. The client-server module enables the interaction

between multiple solver and visualization modules while managing run-time simulation.

3.1  Dynamicsmodule

The dynamics solver module, presented in Fig. 7, is used to form and solve eguations of
motion related to different multibody formulations. The solver library contains numerical
integration algorithms and subroutines for solving sets of linear and nonlinear algebraic
equations. The collision detection library is optional and may be used to detect possible

collisions between chosen graphical objects. The components required for dynamic
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formulations are defined in the dynamics function library, and they can be formed using the

same functions for each of the multibody formulations.

Main program Solver library Dynamics library

Application

External force
components

-Update state vectors- .
-Start simulation- Integrators

Collision |
; detection

Formulations Dynamics functions

-Mass matrix- -Tyres-

-Lagrange’s method-

-Second order Runge-Kutta- [*3 -Contacts-

-Constraint equations-

-Penalty function-

-Fourth order Runge-Kutta- -Generalized force vector- -Hydraulics-

-Augmented Lagrangian-

-Quadratic velocity vector- -Ropes-

-Projection matrix-
-Motors-

Figure 7. The structure of the dynamics solver module

3.1.1 Description of external force components

In order to apply translational and rotational forces between two bodies, the basic force
primitives [16, 17] are defined in the dynamics function library. The forces descriptions from
externa force components such as tyres, motors, ropes, hydraulics or contacts are passed to
these basic primitives and, consequently, force components are applied to the multibody
system through the generalized force vector. Accordingly, the generalized forces may be
solved using the same approach for different types of external force components. The
simulation agorithm may also be extended with minor modifications to new force

components.

In order to clarify the description of contact forces, a separate contact module is defined. This
module contains information on contacting bodies detected by a collision detection algorithm.
Traditionally, three different approaches can be used in the modeling of contacts: the
analytical [34], penalty [35] and impulse methods [36]. In this study, contacts are modeled
using the penalty method for interpenetration so that the direction of the contact force is
perpendicular to the contact plane at the contact point. A virtual spring damper element is
temporarily placed at the contact point in order to describe the contact force. Spring and
damping constants are defined based on the elasticity of the bodies. Friction forces are
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calculated using the friction coefficient and the normal force applied to the contact points of
the bodies.

The lumped fluid theory [37] is used in the modeling of the hydraulic circuit. The lumped
fluid theory divides a hydraulic circuit into volumes wherein the pressure is assumed to be
equally distributed. The valves are modeled employing a semi-empirical approach [38] which
allows obtaining the parameters used in the flow equations through the orifices, in many cases
from manufacturer catalogues. Usually, the hydraulic system has high nominal frequencies,
and for this reason, the time step must be short in order to produce reliable results. Since one
time integration algorithm is used for the machine system, the time integration in hydraulics
forces the time step in the integration of mechanical components to be small. It is possible to
use separate integration routines for mechanics and hydraulics, whereas in this case problems

may arise in the synchronization of the submodels.

3.1.2 Collision detection library

In simulations of mechatronic machines, the bodies will inevitably collide. Therefore, it is
important that the simulation software has an algorithm for collision detection [39]. The
collision detection algorithm is usually straightforward in terms of the mathematical
procedure. In the algorithm, the triangularized geometries are tested in the case of contact.
Usually, the description of a geometric shape consists of a vast amount of data which makes
the collision detection algorithm a time-consuming procedure. Due to this fact, it is often
impossible to perform primitive collision testing for al triangles in real time. Therefore, it is
necessary to use other methods to exclude bodies and body parts that for certain are not in
contact with each other from the primitive level collision testing. Various collision detection
hierarchies, such as trees, are normally used for this purpose. In this study, the collision
detection tree is based on the structure of the 3ds graphics format. A single 3ds graphic may
contain several different meshes. This enables the use of the entire graphic as the main trunk
of the collision detection tree and the separate meshes as the branches. For instance, a lifting
boom may be divided into two meshes: the front end and back end. Since the back end of the
boom does not usually collide with other objects, it will be excluded from testing at the
branch level. The front end, however, may come into contact with the cargo and must be



accounted for in the collision test. The collision detection tree used in the simulation

environment proceeds in three steps, as follows:

1° Collision detection between different shapes (outer limits)
2° Collision detection between the different meshes of the colliding shapes

3° Primitive collision testing between the points and triangles of the colliding meshes

The use of in-house collision detection algorithms provides full control over the collision
detection. For example, the use of the 3ds format allows the utilization of the graphics file in
order to determine and control the collision tree shape. Another important feature of in-house
collision detection algorithms is that the algorithm can be changed to suit the collision model.
At the moment, force descriptions are used to solve the collision response in such a way that
several collision points can be used. It is also possible to use the data to calculate a specific

impact area or other features required by the collision response.

3.2 Control interface

In this study, a general control interface is used to connect the user to the dynamics model. A
certain amount of different primitives which can be chained to each other are employed in the
control interface. In real systems, user input may be simplified as a reference value for an
actuator. Based on this observation, a chain of primitives can be created in order to connect

the user to the dynamics model in a systematic manner, as depicted in Fig. 8.

The physical control devices may consist of either a USB game controller or the control
existing in the machine under investigation. The 1/O library is used as a driver interface to
enable similar use of game controllers and A/D boards. Input primitives define which channel
of a given controller is connected to a given force primitive. Each channel can aso be
connected to several primitives. Primitives also establish the type of the connection and define

which input variable of a primitive is connected to the control.
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3.3 Visualization

The visualization environment consists of the visualization module, which is based on the
object-oriented visualization library, and the physical visualization environment. The
visualization library includes separate objects, such asthe dialog, display and plotting window
objects. The physical simulation environment consists of two different types of displays and

an audio system.

3.3.1 Visualization library

In the real-time simulation environment, the visualization library is programmed using C/C++
with OpenGL graphics and OpenAL audio libraries. The visualization library consists of both
the graphics engine, used for the actual visualization, and the Graphical User Interface. The
object-oriented structure of the visualization library allows full customization of the graphics
engine as well as the Graphical User Interface. For example, while utilizing the display
object, any number of display windows may be added, for example in a vehicle in which the
front window is one display and the side and rear view mirrors are separate displays. The

object-oriented gructure of the system isillustrated in Fig. 9.

The core of the visualization library is the dialog object. It includes the functions needed in
loading the model, creating the virtual world and opening the displays and the Graphical User
Interface. The dialog object contains two separate threads. One is used to update the rigid
body coordinates, while the other is utilized in the visualization the virtual world. The body
coordinates can be acquired utilizing the client-server interface between the visualization and
dynamics solver applications. Using separate threads to acquire the body coordinates and

draw the scenes enables these actions to be performed in parallel and independently.
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Figure 9. The structure of the visualization library

The graphics engine is capable of reading 3ds format input files, which enables the efficient
development of graphics by employing external graphics software. The graphics engine may
also be used to draw standard OpenGL environmental options, such as lights and fog. The
model definition includes an option for several pre-programmed cameras and other
environmental properties needed in a real-time simulation environment. The future
development of the graphics engine includes the utilization of the latest technologies from the

gaming industry, for example pixel and vertex shaders.

The OpenAL audio library enables the modeling of a 3D audio with a reasonable amount of
effort. Separate sounds may be attached to moving objects and played simultaneously. Most
of the audio properties, such as the frequency and volume of a sound, can be controlled. For
example, when a motor is accelerating, a single sound file can be used just by adjusting the

frequency according to the angular velocity of the motor.

3.3.2 Physcal visualization system

Different visualization systems can be used with the developed visualization library. In this
section, two separate visual projection system are introduced: a three screen 120° system, Fig.

10a, and a stereoscopic system with one screen, Fig. 10b.



47

Figure 10. a) 120° visualization environment. b) The stereoscopic visualization environment.

The choices regarding the different visualization systems are made based on the different
approaches to visual immersion. In the three screen system, the screens surround the operator,
thus immersing the operator in the virtual world, whereas the stereoscopic system utilizes
depth vision and sensory of movement. To maximize the advantages of these effects, they
should be optimized to certain applications. For instance, in a gantry crane it is necessary to
evaluate the container distance from the ship hull, and for this reason, depth vision plays an
important role. In this case, the stereoscopic view is the most effective. Another example
might be revolving machinery, such as an excavator, for which the peripheral vision is vital

and the three screen option is a more appropriate choice.

In the three screen version, the projectors are located under the screens pointing backwards.
The images are reflected back to the screen by mirrors. This mirrored back projection method
cuts down the space required for the visualization system to half of the space needed for a
conventional non-mirrored system. Moreover, mirrored back projection ensures that the
operator will not create a shadow on the image. The three screens are placed in order to create

a 120° viewing angle. This provides the user with peripheral vision.

The stereoscopic visualization system was implemented with two projectors in which
polarization is opposite with each other. Two alternative methods can be used to produce the
stereoscopic image. The first is to embed the required software into the graphics engine. This
is the preferred method, as it leads to extensive control over the image quality. The second
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method is to use an external application. For example, this can be accomplished with the
Cyviz stereo image splitter, which transforms the normal OpenGL or DirectX signal into a

stereo image using external hardware.

3.4  Server library

The server library provides a means for communication between the different modules of the
system. The functionality needed for each component is inherited from the base classes of the
server library. Due to the vast variety of operations, the server library has been divided into
specialized classes, i.e. the Client (User Interface), Server (Solver) and Manager classes. The
appropriate class is chosen based on the requirements of the module and, particularly, based
on the topology of the computing environment. The server library has been designed so that
each model can be described in different kinds of environments in which the number of

computers and type of modules may vary.

The responsibilities of each class are defined as follows. Depending on the topology of the
computing environment, the Client class decides whether it needs to create the Manager
(single computer environment) or connect to an existing one (multiple node environment),
and then communicates with it. The Manager creates the needed Server objects, i.e. the actual
solvers. The solvers connect back to the Manager, and also form a communication network
between each other. The Manager functions as a controlling unit in the environment: it routes
messages from the Solver to the User Interface, Motion Platform Controller, and Logging
Facility. An example of the whole environment can be seen in Fig. 11, where each box
describes a separate instance of a given module, and the dotted arrows depict the most

relevant communication paths.
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Figure 11. Server library classes and their connections

The functionalities of each class may be divided into start-up, runtime, and finalizing
operations. Start-up operations consist of creating actual solver objects, forming
communication networks, and transferring model specific files. All communication is treated
through sandard network socket application programming interfaces. The Manager
implements a transmission control protocol socket server, while the other components need
only functionality to connect to it. For this purpose, an internet protocol address and network
port are needed. This approach removes all restrictions regarding the place of execution of
each individual component. Every component may be defined within a single computer or by

using separate computers.

During runtime, the rigid body positions and other relevant data from the solver must be
continuously conveyed to the User Interface, Logger and Motion Platform Controller.
Parameters relevant to the model may be updated to the Solver simultaneously. Thus, during
simulation, the Manager needs to listen for incoming messages from all instances in the
environment, and react accordingly. The Manager is capable of handling an arbitrary number

of connections and can differentiate between each instance.



50

35 M odel definition

The modeling of the mechanism dynamics in the real-time simulation environment does not
differ considerable from the modeling of non-real-time applications. The main difference is
associated with the connection of the user to the system due to the fact that in non-real-time

applicationsiit is ignored.

351 Usingan XML parser in model definition

In this study, the real-time simulation model is defined utilizing an XML-based input file.
XML was chosen since it provides functions for reading and writing different types of
primitives — a tree-gtructure visual interface with reasonable expandability. The input file
described in Fig. 12 includes the definition of simulation parameters, rigid and flexible
bodies, constraints, force primitives, user inputs, graphics and textures related to separate
bodies and the definition of the virtual world.

£ GantryCrane.xml - XML Notepad
File Edt View Insert Tools Help

D> o o=@ s Plsgl «|o[e|3]

Structure | Yalugs
= ™% DMInputFile
Y= [COMMENT] Versia 0,25
+-1 Help
+ [ Model
+-[_1 splines
+-21 Bodies
+ [ Dummies
+ Q Constraints
+-1 Forces
+ [ Collisions
+-[] Inputs
+-12 Graphics
+ [ world

JiFor Help, press Fl

Figure 12. Exampleview of aninput file.

A real-time simulation environment is often used in the simulation of mobile machines.
Frequently used force descriptions in mobile machines include tyre and suspension forces,
steering, drive-line and brake forces. The input file enables the modeling of tyres based on

Pacejka’ s equations, and straightforward motors in which the maximum torque is limited by
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spline-curves. Mobile machine applications, such as cranes, have ropes to lift cargo. Thus, a

simple rope model can be defined utilizing the input file.

4l GantryCrane.xmlL - XML Notepad E@g| £ GantryCrane.xml - XML Notepad
File Edit Wiew Insert Tools Help File Edit “iew Insert Tools Help
D||6| o 5|%|5| s Plsg| «[+[«|#]| ) D[S|@| o 2[5 s B8 «|»[e]e
Structure | Walues i Structure | Walues i
= D Graphics i + D Conskrainks ~
=[] Sky +-[27 Forces i
% Ind 0 +-[21 Collisions
& Body 0 +- 1 Inputs
& Scale 1 +-[_] Graphics
@ FileMame .J5atamanosturifSatamajsata. . . =2 world
% Alpha 1.0 =1-[Z1 Cameras
% TextureMame \JSatamanosturifSatamajsata... +-[_] Cahin
& Material i +-(0 world
® BothSides o +-{] Rightside
% Isactive Yes +-(Z] Front
+-[_7 Position +-(27 Leftside
+-[] Orientation - = (21 Light
+-[21 Colaur ] +-{Z3 Day
+1-(] Water (2] Dusk
+-[1] Warehouse +-{] Might
+-(] Port =123 Foq
+1-_7 Backil +-[_] ThickFag
+-(_1 Backz =111 Scenes
123 Back3 v v +-[.] Global v
< | = = I =3 Trol v ¢ IE
For Help, press F1 For Help, press F1

Figure 13. a) Example view of graphics definition. b) Example view of virtual world

definition.

Graphics in the 3ds format are connected to reference bodies, as shown in Fig. 13a. The
graphics definition includes the position, orientation and scale of a single graphic. Every
graphic also has the transparency value and the information of the texture attached to it. A
single graphic may be used with several reference bodies without reloading in order to shorten
the gtart-up time and to minimize the amount of memory usage. Accordingly, one texture may

be attached to several graphics.

The virtual world depicted in Fig. 13b consists of a definition for the pre-programmed
cameras which may be connected to the scenes and the definition of lights and fog. In

practice, each scene is a new visualization window. Pre-programmed cameras may be



52

changed within a scene via mouse commands. The virtual world has one general light source

and up to seven spotlights, which may be attached to the reference bodies.

4 CONCLUSIONS

During the past two decades, several real-time simulator approaches for training and product
development have been introduced. However, the simulators are mostly case specific and
usually tailored to the needs of the vehicle or airplane industries, such as pilot or driver
training simulators. Consequently, there is no general purpose software which is implemented
in a real-time simulation environment with a three dimensional visualization system, audio

system, several control devices of different machines and motion platform.

This thesis introduces a real-time simulator approach that does not depend on the application
considered. In this thesis, the dynamic behavior of the mechanical devices is described using
multibody simulation approaches. A multibody system may consist of rigid and flexible
bodies which are coupled using kinematic joint constraints, while force components are used
to describe wide varieties of actuators. The strength of multibody dynamics relies on its
ability to describe nonlinearities arising from wearing of the components, friction, large
rotations or contact forces in a systematic manner. For this reason, the interfaces between
different subsystems such as mechanics, hydraulics and control systems of the industrial and
mobile machine can be defined and analyzed as coupled systems. In the real-time simulation
environment introduced, the user interfaces, visualization systems and motion platform can be
connected to the simulation model. The environment can be utilized in different stages of the
product life cycle, such as product development, operator training and failure analysis. In this
thesis, the real-time simulation environment based on the multibody approach is used to study
the reel mechanism of a paper machine and a gantry crane. These case systems are used to
demonstrate the usability of the real-time simulation environment for fault detection purposes

and in the context of atraining simulator.

One objective of the thesis was to improve constraint modeling methods used in existing
multibody simulation algorithms. In the study, structural flexibility was taken into account by

extracting deformation modes of the structure with the finite element approach. Particular
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attention was paid to the modeling of different kinds of diding and telescopic joints between
flexible bodies, which is a cumbersome or impossible task in several commercial multibody
simulation software programs. The method used to describe joints was based on the three

primitive constraints that can be combined in a various ways.

The second objective of the thesis was to study the usability of the multibody simulation
approach for fault detection purposes. The real-time simulation environment was used to
congtruct a simulation model for the reel mechanism of a paper machine. The model includes
the most essential mechanical components, hydraulics circuits, electrical motor models and
nip contact models. The simulation model was used to simulate failure scenarios and to study
the suitability to detect these scenarios. It can be concluded that using the approach
introduced, the supervision of the machine can be focused on the functionality of the entire

processinstead of the functionality of an individual component.

Furthermore, the real-time simulation environment introduced was used as a platform for a
training simulator. In addition to being a platform for vehicle simulators, the environment can
be applied to the simulation of several types of mobile and industrial machines. The
environment introduced is modular and easily expandable, which systematically and
efficiently facilitates studying and testing different modeling approaches and modules, such as
motion platforms, visualization environments and additional computational nodes. In this
thesis, the real-time simulation environment was used to implement a gantry crane training

simulator.

Currently, the development of the real-time simulation environment is extended by more up-
to-date multibody simulation approaches. In many cases, the semi-recursive multibody
algorithm utilizing the topological structure of the mechanism simulated is proved to be a
computationally efficient alternative to its global counterparts. In addition, the environment is
used in several projects in the field of product development and operator training. Further
development of the real-time simulation environment aims to enhance the properties of the

graphical user interface in order to make the modeling procedure more efficient.
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Abstract: This article presents the modelling principles of the joint constraints for flexible
multibody systems. The joints are composed using three basic constraint primitives which are
derived including their first and second time derivatives as well as the components of the Jaco-
bian matrix. The description of the derived components of constraint primitives can be used
to develop a library of kinematic joints to use in multibody codes. In this study, the equations
of motion are defined using generalized Newton-Euler equations where the deformations are
accounted for by using the floating frame of reference formulation with modal coordinates. The
deformation modes used in the floating frame of reference formulation are obtained from the
finite-element analysis by employing the lumped mass matrix. Dynamic analysis of a mecha-
nism consisting of rigid and flexible bodies is used to illustrate the validity of the constraint

formulation.

Keywords: flexible multibody system, multibody simulation, joint constraints

1 INTRODUCTION

A multibody system consists of rigid and flexible
bodies, joint constraints that couple the bodies, and
power components describing dampers, springs, and
actuators. Depending on the components needed for
the multibody model, the dynamic behaviour of the
system is described by a system of equations consist-
ing of differential and nonlinear algebraic equations.
Multibody dynamics analyses frequently require that
structural flexibility is accounted for to reliably pre-
dict the behaviour of slender structures under a heavy
load. It is noteworthy that even though the topologi-
cal structure of models remains unchanged in the case
of rigid and flexible bodies, modelling of systems with
flexible bodies is remarkably challenging regardless of
the method used for describing the flexibility. In the
literature, the development of multibody system for-
mulations is reviewed in reference [1] for rigid bodies
and in references [2] and [3] for flexible bodies.
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Box 20, Lappeenranta, FI-53851, Finland.

email: pasi.korkealaakso@lut.fi

In multibody applications, the structural flexibility
can be accounted for using the floating frame of ref-
erence formulation. In the method, the generalized
coordinates that define the configuration of the body
can be divided into ones that describe the position
and orientation of the reference coordinate system
and ones that describe deformations with respect to
the reference coordinate system. In the floating frame
of reference formulation, deformations are usually
described using methods based on the finite-element
approach. The first general purpose implementation
of the floating frame of reference formulation applica-
ble to large flexible multibody systems in planar cases
was introduced by Song and Haug [4]. Nevertheless,
in that study, the implementation was cumbersome
especially for geometrically complex bodies leading to
computationally expensive equations of motion due
to a large number of nodal coordinates used in the
description of flexibility. To reduce the number of coor-
dinates related to flexibility, Shabana [5] extended the
floating frame of reference formulation to a three-
dimensional mechanism and proposed the use of
component mode synthesis to extract the structural
vibration modes. This way the set of nodal coordinates
from the finite-element method can be replaced by
a much lower set of modal coordinates making the
numerical solution of the equations of motion more

JMBD170 © IMechE 2009
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efficient. However, the general purpose application of
the approach was impeded because elements used
in the modelling of flexible bodies were included
in the solution algorithm leading to the element-
specific volume integrals to be solved. Yoo and Haug
[6, 7] introduced the use of static correction modes
to account for local deformations due to joint con-
straints and force components. They also derived the
equations of motion using the lumped mass finite-
element approach. The advantage of the method is
that it allows vibration and static correction modes
to be solved directly using commercial finite-element
software. Garcia deJalén [8, 9] has developed a method
in which a multibody system composed of rigid bodies
can be modelled using fully Cartesian natural coordi-
nates. The method accounts for joint constraints using
points and vectors, which are also employed in the
description of the inertia properties of the bodies. For
this reason, the equations of motion can be formu-
lated in computationally efficient ways. Vukasovic [10]
extended the natural coordinate approach to the anal-
ysis of systems of flexible bodies by using the floating
frame of reference formulation.

There are two main approaches to formulate equa-
tions of motion for multibody systems: the approach
that takes the system topology into account, and the
global approach. They differ in the choice of general-
ized coordinates used in the description of the system
configuration. The approach that takes topology into
account employs relative coordinates, which allows
the kinematic analysis to be accomplished recursively
by studying one body at a time in a kinematic chain.
The number of generalized coordinates required in
the approach is the same as the number of degrees of
freedom in open kinematic chains of the system. It is
worth mentioning that closed kinematic chains must
be opened before kinematic analysis by removing the
necessary number of joint constraints. Removed joint
constraints must be taken into consideration in the
solution of dynamic responses. The method leads to
strongly nonlinear equations of motion, which may
be difficult to represent in a general form. On the other
hand, the matrices to be solved remain small, which
makes the method computationally efficient. A gen-
eral approach to solving rigid body systems based on a
velocity transformation matrix [11] was introduced by
Kim [12]. He uses global coordinates to describe the
system, but the solution itself is obtained with coor-
dinates that describe degrees of freedom of joints. A
similar approach for natural coordinates was intro-
duced by Garcia de Jdlon and Bayo [9]. Chang and
Shabana [13, 14] derived the recursive velocity trans-
formation equations to flexible multibody systems,
but they did not demonstrate a systematic approach
to execute the velocity transformation. A system-
atic approach to obtain the velocity transformation
matrix for flexible multibody systems was proposed by
Lee [15]. In global methods, generalized coordinates

are used to describe the position, orientation and state
of deformation of each body. To couple the bodies
together, the joint constraints are defined in terms
of constraint equations that are a function of the
generalized coordinates. Consequently, the equations
formulated for each body are of the same form, lead-
ing to the systematic assembly of equations of motion
for the entire system. The disadvantage of this method
is that it leads to extensive systems of equations due
to a large number of generalized coordinates, and
for this reason the method may be computationally
inefficient. However, it has been perceived that global
methods may be more efficient than topological meth-
ods in the solution of systems consisting of less than 50
generalized coordinates [16]. Commercial multibody
dynamics software has traditionally been based on
global formulations because of their universal applica-
bility. Examples of such software include LMS Virtual
Lab (17, 18] and MSC.ADAMS (19, 20].

Creating a general-purpose multibody algorithm
that takes structural flexibility into account is a chal-
lenging endeavour. One of the most difficult tasks in
the implementation is to create a component library
needed for taking kinematic joint constraints into
consideration. References [21] and [22] introduce an
approach that models joint constraints by using vir-
tual bodies. In this approach, the constraint equations
are developed between the flexible and massless rigid
body. The advantage of this approach is its applica-
bility to different approaches to describe flexibility.
On the other hand, adding virtual bodies increases
the computation time compared with methods which
derive joint constraints individually for each approach
to describe flexibility. The formulation of kinematic
joints composed of simple basic constraints in the
case of systems of rigid bodies has been discussed in
references [17] and [23]. The basic constraint equa-
tions for modelling spherical, universal, and revolute
joints between flexible bodies have been presented
in reference [6]. Shabana [24, 25] used intermediate
body fixed joint coordinate systems which are rigidly
attached to joint definition points. The joint coordi-
nate systems can be used to derive basic constraint
equations including sliding joints with the assumption
that the joint axis can be described as a rigid line. Car-
dona [26] introduced a finite-element formulation for
mechanical joints, which can be integrated into finite-
element software. In reference [27], the basic joint
constraints were used in the context of topological
multibody formulation. Hwang [28] presented basic
constraint types used with translational joint models,
which accounts for the deformation of the axis line.
However, to be able to employ traditional solvers of
ordinary differential equation (ODE) within the sys-
tem of equations, the constraint equations must be
differentiated twice with respect to time.

It is noteworthy that previous literature does not
explicitly present the terms of the Jacobian matrix and
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the terms that are related to the second time differen-
tials of basic constraint equations. The objective of this
study is to derive explicit expressions for constraint
equations that can be applied with the floating frame
of reference formulation. In this study, the derivation
is accomplished with the help of three basic con-
straints, which are further utilized in the modelling of
mechanical joints. The approach based on three basic
constraints provides a general procedure for a wide
variety of joints, including spherical, universal, revo-
lute, cylindrical, and translational joints. Joint clear-
ance and damping as well as friction forces associated
with joints are not considered in this study. Explicit
expressions of constraint equations introduced in this
study provide an important instrument for the devel-
opment for modular multibody simulation software.
The basic components derived can also be used in
methods based on the system topology when joint
constraints are removed to open closed chains. In this
study, generalized Newton-Euler equations of motion
[29] have been derived according to the principle of
virtual work while the local angular accelerations of
the frame of reference are integrable variables.

2 FLOATING FRAME OF REFERENCE
FORMULATION

The floating frame of reference formulation can be
applied to bodies that experience large rigid body dis-
placements and rotations and elastic deformations.
The method is based on describing deformations of a
flexible body with respect to a frame of reference. The
frame of reference, in turn, is employed to describe
large displacements and rotations. The deformations
of a flexible body with respect to the frame of reference
can be described with a number of methods, while
in this study, deformation is described using linear
deformation modes of the body. Deformation modes
can be formulated using a finite-element model of the
body. Figure 1 illustrates the position of particle P’ in
a deformed body i.

Fig.1 Position of particleP! in a global coordinate sys-
tem

The position of particle P! of the flexible body i can
be described in a global coordinate system with the
vector r’? as follows

r? — R+ A'a® = R' + A" + ) M

where R’ is the position vector of the frame of ref-
erence, A’ is the rotation matrix of body i, u” is
the position vector of particle P! within the frame of
reference, i) is the undeformed position vector of
the particle, and ﬁ}P is the displacement of particle
Pi within the frame of reference due to the flexi-
bility of body i. In the present study, the rotation
matrix A’ is expressed using the Euler parameters
0F" = [0F' 6F 6F 6FI" to avoid singular conditions,
which are a problem when three rotational parame-
ters are used, such as in the cases of Euler and Bryant
angles [30]. The rotation matrix can be written using
the Euler parameters as follows

5= 07— 7))
O 0F +of oF
OF'0F" — o' oF"

o0F oF + o of
OE'OE — gE'oF' @)
1 —OF)? — 0F')?

070y — o505
ooy
656" + 0F 0

Al=2

The following mathematical constraint must be taken
into consideration when the Euler parameters are
applied

OF)? 4 (0F)? + (0F)? + (0F)* =1 @3

The deformation vector # can be described using
a linear combination of the deformation modes as
follows

il = gl @

where ¥ is the modal transformation matrix whose
columns describes translation of particle P! in
assumed deformation modes of the flexible body
i [24], and qéis the vector of elastic coordinates. Con-
sequently, the generalized coordinates that uniquely
define the position of point P/ can be represented with
vector p' as follows

piT _ [RiT oEiT q;-T]T (5)
The velocity of particle P! can be obtained by differ-
entiating the position description (equation (1)) with
respect to time as follows

M7= R — Al + g qD@ + A ®)

where &' is the vector of local angular velocities. In
equation (6), the generalized velocity vector can be
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defined as follows
g =R & ¢ @

By differentiating equation (6) with respect to time, the
following formulation for the acceleration of particle
Pi can be obtained

i =R+ AS'U" + Ao'a” + 206" u” + A'u”

®

where @' is a skew-symmetric representation of the
angular velocity of the body in the frame of refer-
ence, R' is the vector that defines the translational
acceleration of the frame of reference, A'@'®'ut”" is the
normal component of acceleration, A'@'it}, is the tan-
gential component of acceleration, 2A'@'u’” is the
Coriolis component of acceleration and A’z is the
acceleration of particle P’ due to the deformation of
body i.

When deformation modes are used with the floating
frame of reference, rotation coordinates due to body
deformation are usually ignored. However, to compose
all of the basic constraints, rotation coordinates due to
body deformation must be accounted for. The orien-
tation at the location of particle P! within the frame
of reference can be expressed using the vector ¥; as
follows

l_'é — AP ©)

where ™" is a vector that defines the undeformed
orientation at the location of particle P' and Ay
is a rotation matrix that describes orientation due
to deformation at the location of particle P! with
respect to the reference frame. Note that compo-
nents in equation (9) are expressed in the reference
frame. The rotation matrix A¥ can be expressed as
follows

AP =148 (10)

where I is a (3 x 3) unit matrix and &% is a skew
symmetric form of the orientation change caused by
deformation. Orientation changes due to deformation
can be represented in the following way

" =¥ qi an

where ¥ is the modal transformation matrix whose
columns describes rotation coordinates of point P!
in assumed deformation modes of the flexible body
i [24], and q;' is the vector of elastic coordinates.

It is noteworthy that the velocity vector of gen-
eralized coordinates contains the translational and
angular velocities of the frame of reference of the body.
As the angular velocity vector is used in equation (7),

vector g’ cannot be integrated into the position level
coordinates to obtain the coordinates expressed in
equation (5). For this reason, the new vector which
includes angular variables used to describe the orien-
tation of the body is defined

LT S E o

p =R 0 gq;l (12)
The first time derivative of the Euler parameters and
the angular velocity vector with respect to the frame
of reference of the body has the following linear
relation

. Ei

0 =26 % (13)

. A
where the transformation matrix G can be expressed
as

_0151 9051 9357 _92E’
G = |—0F —pF' g oF (14)
_9351 0251 _9151 951

Using the transformation matrix G, the velocity vector
can be integrated to obtain the vector p.

2.1 Inertia of a flexible body

The virtual work of the inertial forces can be repre-
sented as follows

SWi = J olsrP ¥P dVi (15)

Vi

where 8r'" is the virtual displacement of the position
vector of the particle, and 7" is the acceleration vector
of the particle. The virtual displacement of the position
vector can be expressed as follows

I
sr”" = [SR' 56' 5q] | —(A'@")T (16)
@A)

By substituting the virtual displacement of the posi-
tion vector (16) into the equation of virtual work of the
inertial forces (15) and separating the terms related
to acceleration from the terms related quadratically to
velocities, the following equation for the virtual work
of inertial forces can be obtained

SWi= J plsrP P AV = 5qIM'g' + Q"' 17
Vi

where M is the mass matrix and Q" is the quadratic
velocity vector. The mass matrix can be expressed as
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follows
I —Auf AT
M= o T L o I VAT
" Lsym v

and the quadratic velocity vector as follows

NG + 2N
Qvf:J ot | —@” SS " — 2 Syl | dvi
vi DT ~ o i T ~ s ;

VIS + 2 S|

(19)

2.2 Generalized forces

Generalized forces express external forces applying in
a certain particle point of the body in terms of the
generalized coordinates of the body. The vector of gen-
eralized forces for body i (Q°) consists of the following
components

ng

W= F (20a)

=Y WA"F (20b)
1::

Q=Y W A"Fi. (20c)

j=1

where F; is the jth force acting on body i, 1:4]? is a skew
symmetric matrix of the location vector of the jth force
components, and \lrj’: is the terms of the modal matrix
associated with the acting node of the jth force. The
vector of elastic forces can be represented as follows

Q' =| 0 @1
Kq;

where K' is the stiffness matrix for body i. The stiff-
ness matrix K’ is associated with the modal coor-
dinates and it can be obtained from a standard
finite-element stiffness matrix using the modal trans-
formation matrix [24].

3 FORMULATION OF EQUATIONS OF MOTION

Equations of motion can be formulated using the
Lagrange approach, in which kinematic constraints
are accounted for as augmented algebraic equations
with the help of Lagrange multipliers [31]. The method
falls into the category of global formulation since it
does not make a difference between open and closed
kinematic chains, as topological methods do. By using

the same generalized coordinates as in section 2 for
the position and orientation of the body, the equation
of motion can be written as

Mg +Cir=Q +Q' - Q' (22)

where ¢ is the vector of accelerations of generalized
coordinates, M is the mass matrix, Q° is the vector of
generalized forces, Q" is the quadratic velocity vector,
which includes the Coriolis and centrifugal forces that
depend quadratically on velocities, C is the Jacobian
matrix of constraint equations, Q' is the vector of elas-
tic forces, and A is the vector of Lagrange multipliers.
Provided that the origin of the frame of reference is
located at the centre of the mass of the rigid body,
the translational terms of vector Q" are zero. In the
case of flexible bodies, however, a corresponding loca-
tion of the reference frame does not lead to the zero
translational terms of vector Q".

In multibody dynamics, different types of joints
between bodies are accounted for by kinematic con-
straints that are functions of generalized coordinates.
The vector including the constraint equations can be
written as

Cp,t)=0 (23)

Equations (22) and (23) together compose a system of
differential algebraic equations (DAE) that describes
the dynamic behaviour of a mechanism [32, 33]. To
be able to apply traditional ODE solvers to the sys-
tem of equations, the constraint equations must be
differentiated twice with respect to time

Cp.q,4,1) = Cqif + (Cq@)q§ +2Cqi§ + C, =0
24)

When considering holonomic systems only, time-
dependent constraints are eliminated from the
equation. As aresult, the final matrix equation describ-
ing the system dynamics can be written as

T - e v
e SIEE ] e
C, 0][r Q
where Q° = —(Cqg)q4 is the constraint force vector.
Due to the differentiation of the constraint equa-
tions, the constant terms associated with the con-
straint equations are eliminated. It is noteworthy that
equation (25) satisfies the constraint equations only at
the acceleration level. This may lead to the accumula-
tion of errors in kinematic constraints when equations
of motion are integrated as forward of time. The prob-
lem is usually solved with a constraint stabilization
method, which enhances the fulfilment of the con-
straint equations. Alternatively, the integration may
be focused directly on equations (22) and (23) by
applying integration methods that are suitable for DAE
systems.
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4 MODELLING OF CONSTRAINTS IN THE
FLOATING FRAME OF REFERENCE
FORMULATION

In this section, geometric constraint equations are
derived for three basic constraint components, which
can be further applied in the modelling of spherical
joints, revolute joints, cylindrical joints and transla-
tional joints. The terms within the equations of motion
that are related to the constraints are formulated so
that they can be easily coupled to multibody dynamics
codes.

4.1 Basic constraints

Joints in multibody systems can be described as com-
binations of three basic constraints. These basic con-
straints are the spherical constraint and two different
perpendicularity constraint conditions. The basic con-
straints for rigid bodies have been presented, e.g. in
references [17] and [23]. For flexible bodies, however,
there isno comprehensive analytic representation that
could describe all of the components in equation (24)
that are related to the constraints.

4.1.1 Spherical constraint on two points

The spherical constraint on two points, depicted in
Fig. 2, is a simple basic constraint that prevents
translational movement between two bodies. The con-
straint equation can be defined at given points P!
and P/. This basic constraint removes three degrees
of freedom from the system.

The constraint equation associated with points P’
and P/ can be written as follows

C=R +Aa” —R —Aa’ =0 (26)

By differentiating equation (27) with respect to time,
the following equation can be obtained

C'=Cg=R +No/a” + Ni” — R
_Ai(';")iﬁil’ _AiﬁiP @7

Fig.2 Spherical constraint on two points

By repeating the differentiation with respect to time,
the following equation can be obtained

C* =Clg+ (Ciyqeg
=R - AW + MY 1 2N 0"
+ AW G - R+ AP — A "
—2A&'u® — Ay (28)
Based on equation (28), the following terms can be
obtained for generalized coordinates related to the
translation, orientation and flexibility of the Jacobian
matrix
C=[-1Au” — Ayl 1 —Alu Aly)) (29)
Similarly, a vector that includes the quadratic velocity
terms can be obtained as follows
Q% = —(Cof)qq = A&/ & + 2i’)
+ A @'U” + 2u’) (30)

4.1.2  Perpendicular constraint C%

The perpendicular constraint (type 1) preventing the
rotation of vectors with regard to each other on levels
which are not perpendicular to each other. The per-
pendicularity constraint is illustrated in Fig. 3. This
basic constraint can be described with one constraint
equation, which removes one degree of freedom from
the system.

The constraint equation for a perpendicular con-
straint of vectors can be written as

C" =vi'v] = ol A"Ap] = v AP ATAAT D = 0
(620)]

By differentiating the equation with respect to time,
the following equation can be obtained
¢ = g = i} vl + v v
— 0 A — O] N AT
— AT AR — ol AT AT gl (32)

Fig.3 Type 1 perpendicular constraint
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Repeating the differentiation of the equation with
respect to time yields

@lcﬂWH@@m=wﬁ+ﬁW+%ﬁ{
1ﬂ A AP

—'A Aff;flpg gl + v A

=] N A — o AT AT
@'V + 201
+0E AT A @D + 20)) + 2(ATS DL + AT
x (AT&D] + Alv)) 33)
Based on equation (33), the following terms can be
obtained for generalized coordinates related to the

translation, orientation and flexibility of the Jacobian
matrix

it =[o o/ A'AT; o] A AT

0 —bA"ATG — 'TA”TAf'i;fq;{;”] (34)

Correspondingly, the term that includes quadratic
velocity terms can be represented as

Q" = ~(Ca)eq =~V N'N&' @0} + 20)
— 0l AT A (@D + 20))
—2A'&T + AVHTAIS D] + ATv) (35)

4.1.3 Perpendicular constraint C*

This perpendicular constraint (type 2) differs from the
type 1 in that one of the vectors is defined as constant
with respect to body i, whereas the other is defined
between the bodies, as shown in Fig. 4. This constraint
is also known as the point on plane since it con-
tains one constraint equation eliminating one degree
of freedom.

Fig.4 Type 2 perpendicularity constraint

The constraint equation for a type 2 perpendicular-
ity constraint can be represented as

Cc”?=vi'dl =
" AP AT (R + AV — R —

vy A" (R + A" — R — A'a™)
Au®y=0 (36)

By differentiating the equation with respect to time,
the following equation can be obtained

Cvdz

Clq= vi'd’ +vi'd’

—d” 'A'if\p;"q; + o AR — oA A
+ ol AT A gl — BT ATR + (0] AT AR
—d"APHa — b AT AP g 37

Repeating the differentiation with respect to time
leads to

o = g + (cd2q>qq = v;‘Td”f voi'd 1 2i'd’

—0 AR+ @ — dV ADHe — (0] P
+dV AT+ o AR — o AT A Pl
+ o] A" AW Gl + dT A

+ 0L AT A (&R + 207 + 2(A & B

(@'0f + 20p)

+ A"é"i/’)T(R T AR £ A — R

+v e +2v olu® +2v &’ (38)

Table 1 Partial derivatives for basic constraints

Ccs Cdl Cd2
—iT T
I | 0 —o} Al
s T s T ST s
Cji Alui? —vp A AP v ul —dV A'v}
c;  -ANE o AR ol -l AP
A R t R f YR 0
—iT T
Cp I 0 ol Al
. T T s T T i
(o} —Alui? —vl AT AJD] -l AT ATiP
ci T T i T T
C,i Ayl ol ATATBIY B AT AT

Table 2 Components of the constraint force vector
related to basic constraints

Qc

Q —AISI @Il 1 20P) + NS @ + 2P

Q" —o] N AT i+ 20) — 'IA"TAJ'&;J'((ZJ'{;{ +2b)
—2AIGiT + ATHTATSI 5] + AT

Q- —dT A& @D+ 200) — b AT ATSI @Il + 2P

2B+ ABHTWR + ATSTal + AP — )

T P ST s
—vk olo'u + 20t d'u'’ + 20f u't
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Table 3 Descriptions of joints and basic constraint equations applied to them

Joint Tllustration Constraint equations
Spherical joint Cs
The spherical joint is the simplest
to model and can be described using
one of the basic constraints. In the point
constraint, the global coordinates of
the points must be located overlapping.
The spherical joint constrains three
degrees of freedom from the system.
Universal joint Cc
Universal joints can be modelled with c4
a spherical constraint and a type 1
perpendicular constraint. The universal
joint removes four degrees of freedom
from the system.
Revolute joint c’
A revolute joint can be adapted c4
from the universal joint by adding ch
another type 1 perpendicularity con-
straint. The revolute joint removes five
degrees of freedom from the system.
Cylindrical joint ca
The modelling of a cylindrical joint c4
requires two type 1 perpendicular cd2
constraints to prevent the relative ca2
rotation of the bodies at point P/, and
two type 2 perpendicular constraints to
maintain point P! on the translational
axis. The cylindrical joint removes four
degrees of freedom from the system.
Translational joint cH
A translational joint can be derived cd
directly from the cylindrical joints by cH
adding a type 1 perpendicularity con- cdz
straint. A translational joint removes ca2

five degrees of freedom from the
system.
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Based on equation (38), the following terms are
obtained for generalized coordinates related to the
translation, orientation and flexibility of the Jacobian
matrix

T

a2 _ [ i ai" ij" Al S

G _[—qu ve ug —d? A'vg
=i\ iP i NP5 iP —iT NiT
—vp Yy —d? AV v A

o] A" AT B AT A | 39)

Correspondingly, the term that contains quadratic
velocity terms can be expressed as follows

Q" = —(Cyoq = —d" A& &'} + 20%)
— U} ATAIST (@I + 2077 — 2(A1' D}

+ AR + AT + A~ R
=it = =il =i = iP

-0 &o'a’” + 20 S'u’” + 200 u® (40)

4.2 Modelling of joints based on basic constraints

In this section, the basic joint types used in multi-
body dynamics modelling applying the basic con-
straints presented above are introduced. With different
combinations of basic constraints, it is possible to
model any joint. Table 1 summarizes partial deriva-
tives with regard to generalized coordinates for each
basic constraint.

Table 2 presents the components of the constraint
force vector related to basic constraints.

In the case of spherical joints, universal joints and
revolute joints, the constraint location remains in
place and the joints can be modelled by changing
the constraints of the rotations. Joints such as cylin-
der and translational joints that enable the relative
translational movement between bodies are challeng-
ing to model due to their varying location to which the
constraint is applied. For flexible bodies, the location
of the constraint must be solved for each time step.
The location can be found for instance by applying
interpolation between the nodes of the joint. Table 3
displays descriptions of the joints and constraint
equations with which they can be modelled.

It is important to note that basic constraints can
be combined in various other ways than the ones
described in Table 3. This allows to express joints that
are out of the line of conventional joints. This feature
of basic constraints will be further explained in the
section 5.

5 NUMERICAL EXAMPLES

To evaluate the functionality of the kinematic con-
straints, two numerical examples, namely the crank
mechanism and the slider mechanism, are studied.

The validation of the kinematic constraints is exam-
ined on the basis of the energy balances. In addition,
the errors in the kinematic constraints of the crank
mechanism are plotted during simulation. It is note-
worthy that possible constraint violations or imple-
mentation flaws can be easily observed as a fluctuation
of the total energy of a multibody system.

5.1 Computational algorithm

For a system of n, bodies and n. kinematic con-
straint equations, the computational algorithm can be
outlined as follows.

1. Given an initial condition for p=[p" p?

prand g =1g" ¢ g
2. Start numerical integration routine:
(a) Compute p = [p" p* --- p™ I* using equation
(12).
(b) Compute M = diagM' M? --- M™) and Q" =
[Q" Q" ---Q"" 1" using equations (18) and
(19) and substitute results to equation (25).

T
_[wa sc .. 9Cu
(c) Compute terms of Cq= [aq e é)qu|

and Q° =[Q° Q“ Q1" for the kine-
matic constraints using required joint depen-
dent equations (29), (30), (34), (35), (39) and (40)
and substitute results to equation (25).

(d) Compute exterqal aan internaleorce compo-
nents Q°=[Q" Q" Q" " and Q=
(@™ Q@ ... Q™ " from equations (20) and
(21) and substitute results to equation (25).

(e) Solve system of linear equation (25) for g and x.

(f) Integrate g and p to obtain g and p.

(g) Return to step (a) until desired simulation time
is reached.

5.2 Crank mechanism

As a simulation example, a simple three-dimensional
crank mechanism, presented in Fig. 5, will be exam-
ined. The crank mechanism consists of both flexible
and rigid bodies. The flexible bodies are crank A and
lever B. Four three-dimensional beam elements are
used in the modelling of each flexible body. Both flex-
ible bodies are assumed to have solid square sections
of a thickness of 5mm. The flexible bodies are 0.4
and 0.8 m long, respectively. The material properties
of the crank and lever are as assumed to be the fol-
lowing: Young’s modulus E = 210 MPa, Poisson’s ratio
v = 0.3, and density p = 7801kg/m?®. The two lowest
orthonormal Craig-Bampton eigenmodes in the y-
direction are used in the description of flexible bodies.
The crank blockis modelled as arigid body with a mass
of 0.1 kg, while principal moments of inertia are set to
2.0 x 10~*kg/m?. A torque of 0.5 Nm is applied on the
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Simulated crank mechanism

Angular velocity of the crank A

Angular velocity [rad/s]
=]
T
i

0 05 1 15 2 25 3 35 4 45 5
Time [s]

Fig.6 Angular velocity of crank A

crank around the global x-axis for 2 s, after which the
torque will be removed.

The assembled crank mechanism in Fig. 5 includes
the following four joints.

. Spherical joint between crank A and lever B.

. Revolute joint between crank A and the framework.

. Universal joint between lever B and the crank block.

. Translational joint between the framework and the
crank block.

=W N =

Figures 6 and 7 show the angular velocity of crank A
and the deformation of the middle point of lever B in
the y-direction in relation to the frame of reference as
a function of time.

The implementation of the joint constraints was
examined through Fig. 8, which presents the errors
of three constraint equations used in spherical joint
between flexible bodies during simulation.

The validity of the dynamic behaviour of the sys-
tem can be examined on the basis of the energy

$10° Deformation of the middle node of lever B

1 T T T T T T T

0.5

Deformation [m]
!

-25F

3 . . . . . . . . .
0 05 1 15 2 25 3 35 4 45 5
Time [s]

Fig.7 Deformation of the middle point of lever B in the
direction of the local y-coordinate

«10° Errors of constraint equations

-4

Error

herical constraint Cx

25
Time [s]

Fig.8 Errors of constraint equations of spherical joint
in x-, y- and z-direction

balance of the system. Figure 9 includes diagrams
on kinetic energy, strain energy, work done by exter-
nal forces and potential energy due to gravitation
during the simulation of the crank mechanism. The
dynamic response of the crank mechanism is cal-
culated employing equation (25). The computation
algorithm used in the dynamic analysis is described
in detail in reference [34]. The fourth-order Runge-
Kutta numerical integration procedure with a time
step of 0.5 ms is used in the dynamic analysis. The fre-
quently applied Baumgarte stabilization is employed
in the numerical integration procedure to minimize
constraint errors in the position coordinates [24, 35].
It is noteworthy that, according to Fig. 9, the total
energy of the system is constant. This is due to the
fact that constraints are not violated during the simu-
lation. According to Fig. 8, the errors of the constraint
equations are greatest at the beginning and decrease
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Fig.9 Energy balances during simulation

as the simulation continues. This is due to the fact that
at the beginning, the initial positioning of the bod-
ies with regard to each other may not be accurate,
and the stabilized constraint forces the bodies into
place.

5.3 Slider mechanism

Sliding joints are commonly used joint types in Cranes
with telescopic booms, hydraulic cylinders or mecha-
nisms with guide bars. When the constrained bodies
are flexible, it is important to note that the changing
contact point must be tracked to account for the defor-
mation of translation axes. The tracking of the contact
pointis implemented using interpolation polynomials
which define the axes of translation. To clarify the case,
the telescopic slider mechanism depicted in Fig. 10 is
studied as a second numerical example.

The slider mechanism consists of two flexible
beams, which are constrained using two contact
points. Both the beams are modelled using the same
dimensions and material properties as the body B in
the former case system. Beams interact using a spring
force component with a spring coefficient of 1.0 N/m

Fig.10 Flexible slider mechanism
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Fig.11 Energy balances during simulation

and an initial compression of 0.1 m. The body A is con-
strained to the framework using a bracket joint. The
beams are constrained using two type 2 perpendicular
constraints at the location of nodes P* and P® associ-
ated with the bodies A and B, respectively. In addition,
one type 1 perpendicular constraint at location P* is
used to prevent rotation around the sliding axel. Due
to the fact that the locations of the nodes P* and P® are
known, the corresponding contact point in the bodies
BandA canbesolved. The terms of the modal matrixin
the contact point are then interpolated from the terms
of the neighbouring nodes.

The dynamical behaviour is solved using the same
solver settings as in the former case. The validity of the
method is again examined on the basis of the energy
balance of the system, depicted in Fig. 11.

According to Fig. 11, the total energy is constant
throughout the simulation and is equal to the initial
spring potential energy due to compression of the
spring. Consequently, no excessive energy develops
due to the constraint forces, which indicates that the
constraints are modelled correctly.

6 CONCLUSIONS

This study presented the basic constraints and their
first and second time derivatives, and the terms related
to the Jacobian matrix for flexible bodies. With these
components, it is possible to model basic joint types
for flexible bodies. The basic components enable
supplementing the modular multibody dynamics sim-
ulation code with a basic constraint library, which in
turn allows the automatic formulation of the Jacobian
matrix and the vector of constraint forces for the entire
system for numerical solution. In addition, these com-
ponents may be applied to reclosing the kinematics
chain that has been opened due to the use of recursive
methods.

JMBD170 © IMechE 2009
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The use of basic joint types was illustrated with a
numerical example. The mechanics under consider-
ation consists of both flexible and rigid bodies, and
joints that connect them. The purpose of the exam-
ple was to examine joint constraint errors and the
energy balance of the system. The results indicate that
the joint constraints presented in the study perform
correctly.

The floating frame of reference formulation applied
in this study is often used with component mode
synthesis to improve computation performance. In
this approach, the deformations of flexible bodies are
defined using modes and corresponding modal coor-
dinates. For this reason, attention must be paid to
the selection of deformation modes. Accordingly, the
selection of deformation modes for different types of
joints would be a topic for future research.
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and mechanical parts. These subsystems are coupled by joints, friction forces, and con-
tact forces. Using the multibody simulation approach, the complete model of the reel can
be obtained by coupling different subsystems together. Three well-known multibody for-
mulations, a method of Lagrange multipliers, an Augmented Lagrangian method, and a
method based on projection matrix R, are briefly described and compared in order to find
out the most efficient method for simulating the studied reel. Although this study is

Sfocused on the simulation of fault scenarios, the introduced multibody simulation ap-
proach can be utilized in real-time simulation. This makes it possible to apply the model
to an existing reel. [DOL: 10.1115/1.2162865]

Introduction

Fault simdetection of mechatronic machines can be used for
preventing financial losses in industrial applications. Generally,
due to mechanical contacts, large rotations, and hydraulic and
electrical components, the dynamic analysis of machines must be
carried out using a nonlinear formulation. For this reason, a
model-based fault detection method using systematic multibody
simulation is an attractive approach. In this study, three multibody
formulations are compared and analyzed to determine suitability
for fault detection of a reel. The reel under investigation consists
of mechanisms, hydraulic actuators, and a control system.

Multibody formulations can be divided into global and topo-
logical formulations. Topological formulations utilize the topol-
ogy of a mechanism in order to improve numerical efficiency.
Global methods, however, can be programed straightforwardly,
while both open and closed kinematic loops can be solved using
the same algorithms. It is also noted in Ref. [1] that global meth-
ods can be more efficient for systems of moderate size when the
number of generalized coordinates is <50, as in the case of the
reel under investigation. The reel includes contacts, friction, and
hydraulic actuators. The coupling of these components can be
carried out straightforwardly when using global formulations. For
these reasons, only global methods are considered in this study.
The method of Lagrange multipliers [2,3], the Augmented La-
grangian method [4,5] and a method based on projection matrix R
[3,6,7] are briefly described and compared to each other. The com-
putationally most efficient formulation is chosen and employed in
the simulation of faulty situations. The implementation of algo-
rithms is accomplished using a general-purpose ANSI C computer
code. Visualization of the simulations is carried out using OPENGL,
which is also used as a control interface between the user and the
dynamics model during simulations.

Using traditional component-level monitoring based on signal-
processing techniques, the faults in the process cannot often be
recognized. In addition, a number of different reeling conditions
have to be obtained. This is due to different roll types, different
amounts of paper on the rolls, and different paper types. Conse-
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quently, every combination of reeling conditions needs the defini-
tion of a corresponding alarm level. Using model-based methods,
faults in terms of process can be detected and identified more
accurately. Usually models used in fault detection are linearized
models that are applied to individual machine parts. Studies and
guidelines of model-based fault diagnosis can be found from Refs.
[8,9]. A rotordynamic finite element model was used in Ref. [10]
to predict a machine lifetime. The model was used to identify the
parameters describing the deterioration of the mechanism from the
measurements of an actual machine. In Ref. [10], the approach is
close to the proposed multibody-simulation fault-detection ap-
proach where the supervision of a machine can be focused on the
functionality of the entire process instead of an individual compo-
nent. In practice, this can be carried out without additional instru-
mentation. In the entire fault-diagnosis procedure, the introduced
approach can be used to detect the difference between normal and
faulty conditions. Accordingly, the simulation model can be used
to detect the residual of simulated and measured variables. In
order to obtain the identification of the fault, data classification
methods must be employed. When the multibody simulation ap-
proach is used, the modeling procedure can be carried out
straightforwardly and in a systematic manner for both offline and
online purposes.

In this study, the simulation model of a reel mechanism is used
as a case system for simulating faulty situations. The reel is used
at the finishing end of the papermaking process and has a consid-
erable effect on paper quality, making it reasonable to utilize more
intelligent fault-detection methods. In this study, a model-based
approach is employed instead of, e.g., signal-processing tech-
niques, which are based on signal levels. In the case of the reel,
signal-processing techniques are laborious to use due to varying
operation conditions. It is noteworthy that using the introduced
multibody approach, the nip load (which is the prior variable in
estimating roll quality) can be easily estimated. Another reason for
using an approach based on physical modeling is that long-term
measurements for statistical modeling or for training neural net-
works are not available. The dynamic model of a reel can be used
to compute data of faulty situations to be used in network training
for fault diagnosis purposes. The reel consists of a number of
nonlinear subsystems that must be accounted for when modeling
the entire reeling process. Models of mechanical, electrical, and
hydraulic subsystems are introduced in the description of the
simulation model. Therefore, the number of state variables in the
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model is large, whereas the number of variables revealing the
faults can be small. Based on the changes in responses between
normal and fault-situation simulations, the required measurements
or state variables for identifying the faults can be identified and
utilized in the design of the fault detection system. In this study,
the multibody simulation model is used only in the analysis of
faulty scenarios while significant variables in terms of fault iden-
tification are obtained manually. It is noteworthy, however, that
the introduced multibody approach can be extended for real-time
simulation and, consequently, applied to an existing reel mecha-
nism. To this end, control signals of existing reel are utilized as
input for the simulation model. In this way, residuals of measured
and simulated state variables can be formed while the values of
residual can be used to detect abnormalities of the system. In this
study, clearances of the mechanical joints and flexibility of struc-
tural components are assumed to be neglectable. In this study, the
use of the model-based method for fault detection using a multi-
body approach is presented. However, the introduced approach is
not yet applied to an existing reel. For this reason, the study of
detection sensitivity and robustness of the approach are not dis-
cussed in this paper. Classification and reasoning methods in order
to isolate the faults are outlined in this study.

Multibody Formulations

In the following chapter, three multibody formalisms used in
this work are briefly described. Formalisms discussed here are the
method based on Lagrange multipliers (which is referred to also
as a descriptor form [11,12]), penalty, and augmented Lagrangian
methods [4,5], as well as a method based on projection matrix R
[3,6,7].

Method Based on Lagrange Multipliers. When constraint
equations are augmented to the equations of motion using the
Lagrange multiplier technique, the result can be written as

Mg+ CjA=0°+Q" 1)
where ¢ is the vector of n generalized coordinates that defines the
position and orientation of each body in the system, M is the mass
matrix, Q¢ is the vector of generalized forces, Q" is the quadratic
velocity vector that includes velocity dependent inertia forces, C,
is the Jacobian matrix of the constraint equations, and A is the
vector of Lagrange multipliers. To satisfy a set of m constraint
equations for generalized coordinates, Eq. (2) must be fulfilled

Clg.N=0 ()

where C is a vector of constraints. Equations (1) and (2) comprise
a system of differential algebraic equations (DAE), which de-
scribe the dynamical behavior of the mechanism. In order to solve
the set of equations using ordinary differential equation (ODE)
integration methods, the equations must be transformed to the
second-order ODE. For this reason, Eq. (2) is differentiated twice
with respect to time,

C(g.4.4.1) = Cij + (Cy) g4 + 2Cog + C,, = 0 ®3)

where C, is a partial derivate of constraint equations with respect
to time. By combining Egs. (1) and (3), the matrix representation
of equations of motion can be obtained as follows:

] s -0 B
C, 0 J[A - —(Cy)g —2Cpg - Cy

where the invertable matrix is of the size (m+n) X (m+n). The
equation of motion can be integrated using the standard ODE
solver [12]. However, equations of motion cannot guarantee that
constraint equations in Eq. (2) are satisfied. This is because during
differentiation of the constraint equation, constant terms disappear
and, consequently, Eq. (4) only fulfills the constraints at the ac-
celeration level. Therefore, numerical integration causes accumu-
lation of errors to the kinematic constraints. To overcome this
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problem, a stabilization method must be used. Another possibility
to solve this problem is to use methods that produce a general
solution to differential algebraic equations [5,13].

Penalty Method and Augmented Lagrangian Formulation.
In the penalty method, Lagrange multipliers are eliminated from
the equations of motion by adding constraint equations penalized
by penalty terms. This procedure leads to a set of n differential
equations as follows:

(M+CjaC)j=0°- Cja(C,q+C,+2QuC+0C) (5)

where @, Q, and p are m X m diagonal matrices (which contain
penalty terms), natural frequencies, and damping ratios, respec-
tively. If penalty terms are equivalent to each constraint, the ma-
trices are identity matrices multiplied with a constant penalty
factor.

A drawback associated to the penalty method is that large pen-
alty factors must be used, which may lead to numerical ill-
conditioning and round-off errors. However, the method can be
improved by adding penalty terms or correction terms, which are
zero when constraint equations are fulfilled. Using this approach,
equations of motion can be written as follows:

(M +ClaC)j=0° - Cla(Cyq + C,+20uC + Q*C) + C;\'
(6)

where N" is the vector of penalty forces. By comparing Egs. (1)
and (6), it can be concluded that

A=N"—a(Cyg+Cg+C,+20uC + QC) (7)

Since the exact values of X" are not known in advance, an itera-
tive procedure should be used as follows:

Mo =N - a(Cug;+ Cg + €, +20uC + QC) (8)

)\;:0 is used for the first iteration i. Using this equation, the
forces caused by errors in constraint equations at iteration i+ 1 can
be defined and compensated. In this case, the penalty terms do not
have to be large. An iterative procedure can be applied directly in
Eq. (6), which leads to the following expression:

(M +CjaC g, =M, - Cia(C,q + C,+20uC + Q°C)
)

In the case of the first iteration Mg,=Q¢. The leading matrix of
Eq. (9) is a symmetric and positive definite, which makes solving
the equation efficient. This formulation behaves satisfactorily also
in singular configurations of a mechanical system.

Method Based on Matrix R. Two introduced formulations de-
fine the equations of motion using a complete set of generalized
coordinates. However, the number of the equations can be reduced
to the minimum number of differential equations using a set of
independent generalized coordinates. Independent generalized ve-
locities ¢; can be defined as a projection of velocities of general-
ized coordinates ¢ using constant matrix B as follows:

q;=Bq (10)
It is noteworthy that the rows of matrix B are linearly indepen-
dent. For skleronomous systems, a solution to the transformation
from independent generalized coordinates to complete set of gen-
eralized coordinates is available and can be defined using trans-
formation matrix R as follows:

4=Ryq; (11)
Using the coordinate partitioning to dependent and independent
generalized coordinates q:[ng;r]T, the virtual change of general-

ized coordinates on constraint equations can be expressed as fol-
lows:
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C, 8+ Cq 04,=0

where qu and qu are partitioned Jacobian matrices. qu isam
X m nonsingular matrix where m is the number of the constraint
equations. Using Eq. (12), the virtual change of dependent gener-
alized coordinates can be defined as

&,=-C,'C, a4, (13)

The virtual change of generalized coordinates can now be ex-
pressed using independent generalized coordinates as follows:

| %4a| —C;qu’}
e[

which can be rewritten using projection matrix R as follows:

o4 =Roy; (15)

-1
R=| C,Ca,
I

By differentiating constraint equations once and twice with re-
spect to time, one can have

(12)

(14)

where R is

(16)

(17)

Ci=-[C@ A +2C +Cl==C,=Cq (18)
using coordinate partitioning, Eq. (18) can be written as follows:
da==CyiCyiii— C,)[(Co@)yg +2C,g +C,]  (19)

Accelerations of generalized coordinates take the form

i {qd } |- c,lc, il C,[(Cp)gd +2C,a +C,]
g I ' 0
(20)
Using definition
. [— C,l[(Cy)gd +2C1q + €, ]
0

It can be seen that vector v consists of the accelerations of gen-
eralized coordinates when the accelerations of independent coor-
dinates are equal to zero. Using Eq. (21), Eq. (20) can be written
as follows:

21

§=Rg;+v (22)
Substitution the result into Eq. (1) leads to
RTMRij[ + RTMy— RT(Qe +0")=0 (23)

This equation of motion can be solved for independent accelera-
tions, which can be integrated to solve the new independent ve-
locities and positions for the next time step. This form of the
equation of motion is complicated and highly nonlinear, and the
set of independent generalized coordinates must be changed every
time the pivot of qu approaches zero.

Dynamic Model of the Reel

The system studied in this paper is the reel mechanism of a
paper machine. The reeling sequence follows after calendering at
the finishing end of the papermaking process. When paper comes
from the calender, it will be wound around the reel spool. The
purpose of this sequence is to produce large-diameter rolls of
paper called parent reels. The weight of the roll can be from
20,000 to 120,000 kg, whereas the diameter ranges from 2 to 4 m
[14].

In Fig. 1, the main parts of the reel are depicted. The reel spool
is attached to the carriages by hydraulically locked arms. It is
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Fig. 1 Main parts of the reel mechanism

noteworthy that the carriages do not hold up the reel spool. In-
stead, it lies on the sledges, which move along the rails on the
low-friction linear bearings. The reel spool is pressed against the
reel drum by pulling the carriages using hydraulic cylinders. In
the following sections, a brief introduction of subsystems of the
simulation model, including a description of friction, contacts, and
the hydraulic circuit, will be given.

Description of Mechanical Systems. The simulation model of
the reel mechanism consists of six rigid bodies interconnected via
mechanical joints, actuator forces, and contact forces. Actuators of
the reel are hydraulic cylinders that produce linear motion for
parent roll and electrical motors that produce rotating torque. The
contact forces are produced between the reel drum and the paper
roll.

Three different multibody formalisms described earlier are used
in the dynamical analysis of the reel. The constraints between the
bodies are modeled using the same method in all three introduced
formalisms. A detailed description of modeling constraints can be
found from Ref. [2]. The assembly of the mechanism is accom-
plished using four translational joints, one rotational joint, and
five planar joints. The topology of the system is depicted in Fig. 2,
where the lines refer to kinematic joints and the arrows to applied
forces, correspondingly. In the figure, fixed, prismatic, revolute,
and planar joints are denoted F, P, R, and PL, respectively. In the
case of the planar joint, the direction of constrained motion is
expressed in parenthesis. Cylinder forces, contact forces, and fric-
tion forces are denoted by the symbols Fi, F,, and Fj, and the
torque of the electric motor is denoted as 7,,. The forces are
solved using Egs. (24), (30), and (32).

Description of the Friction Model. Translational velocities of
the carriages and sledges are low during the work cycle. For this
reason, the effect of the friction forces must be studied carefully.
The friction model can be divided into three regimes: sliding,
stiction, and the transition between them. Consequently, the fric-
tion coefficient is a function of the sliding velocity. When the
friction force is applied to the system, it can be expressed as
follows:

F,

‘ot

'
F

Fig. 2 Topology chart of the reel mechanism
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Fig. 3 Friction coefficient as a function of velocity

F;=f(@.9)F,=f(g.9)D(@)C\ (24)
where F), is the vector of joint constraint forces, f(g,q) is the
function of the friction coefficient, D(g) is a matrix defined
uniquely for each joint type and CZ)\ describes constraint reaction
forces.

Stiction occurs when the relative velocity between sliding sur-
faces in the joint approaches zero. The stiction can be described as
an additional constraint applied to the degrees of freedom in
which sliding occurs. The stiction is valid as long as the constraint
force is lower than the static friction force [15]. This approach,
however, is inconvenient because the numerical integration proce-
dure must be stopped and restarted again when the stick-slip phe-
nomenon takes place. In this study, the friction model is simplified
and defined as a combination of coulomb and viscous friction. The
friction coefficient in the function of velocity is depicted in Fig. 3,
in which the static and dynamic friction coefficients are used to
define boundaries of stiction and sliding regimes.

Description of the Contacts. A contact model between the
rolls is needed in order to describe the nip contact. One of the
main features studied in reeling dynamics is subjected to the stiff-
ness and damping characteristics of the nip contact [16]. The en-
largement of the paper roll during winding transfers the contacting
bodies at a constant velocity. This can be considered as an addi-
tional coupling between bodies. The diameter of the paper roll can
be described as follows:

4r (!
dr) = d§,+—f vdt
TJo

where 7 is the average web thickness, d; is the initial roll diam-
eter, and v is the web speed [16]. The nip contact is modeled as a
system of nonlinear spring dampers. Based on the elasticity of the
bodies in contact, the spring and damping constants can be de-
fined using the Herzian contact theory [16,17]. The penetration
depth of the cylinders can be written as

(1-17) 2d
6=F, 2In{—] -1
mE a
where F. is the contact force of the nip, d is the diameter of the
paper roll, E and v are the modulus of elasticity and Poisson’s

ratio of the paper roll, and «a is the semicontact width of the nip
contact, which can be calculated as follows:

[2d°F,
a= I
wE

In Eq. (27), E" is the effective modulus of elasticity and d" is the
relative curvature of cylinders, which can be defined as follows:

(25)

(26)

27
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(11!
oo(tod) -
d d,
where d and d; are the diameters of the paper roll and reel drum,
respectively. The effective modulus of elasticity takes the form
o B
-7
It is noteworthy that the use of the Herzian contact theory leads to
a computationally expensive procedure. For this reason, this study
employs an approach that is based on the use of approximate
polynomials. The nip contact is modeled and included in the reel
model using a system of springs that are distributed along the
length of the contact line. The contact force in this approach is
modeled using the approximated equation as follows:

(29)

k(g —x)¢ + %, Xo—x=dy™

Fo=) ky(xg—x) + M A2(3 - 2A)%, 0 <xg—x<dm™
0, Xo—x=<0
(30)

where A=(xg—x)/dy™. In Eq. (30), xo=(d+d,)/2, x is the dis-
tance between cylinder centers; parameters k, and e are approxi-
mated using Eq. (26), which describes the compression of cylin-
ders at a certain contact force; and o is the penetration depth
when the maximum damping coefficient ¢;™* is applied. In Eq.
(30), different regions are used in order to smooth the discontinui-
ties of contact forces.

When contact occurs, the compression of cylinders in Eq. (26)
is a function of the contact force, which cannot be solved explic-
itly. In Eq. (30), contact force is directly a function of nip defor-
mation and can be solved without iteration. Unknown parameters
in Eq. (30) will be defined so that contact force closely resamples
Herzian contact theory.

Description of the Hydraulic Circuit With the Servocontrol
System. In this study, the lumped fluid theory [18] is used in the
modeling of the hydraulic circuit of the reel. In the lumped fluid
theory, a hydraulic circuit is divided into volumes where the pres-
sure is assumed to be equally distributed. The valves are modeled
employing semi-empirical approach [19], where the parameters
used in flow equations through the orifices can be obtained, in
many cases, from manufacturer catalogs. In the lumped fluid
theory, the differential equation for pressure in the volume can be
expressed as

N, N,

B, [ < . .
ﬁ=—”(2 va—EQm.l—V) (31

VS 4 ’
where B, is the effective bulk modulus of the volume V, Q;, and
Qo are input and output flow rates, respectively. In Eq. (31) N;
and N,, are the numbers of input and output flow rates and V is the
change of volume with respect to time. The flow rates in the
hydraulic circuit are often modeled assuming the flow to be tur-
bulent [18].

The cylinder force is defined based on pressures in cylinder

chambers and the friction forces. Cylinder forces can be defined
as follows:

Fey = PaAa = PpAp = Xeyi(Pada — ppAp)(1 = 1) (32)
where p, and pg are pressures in cylinder chambers at sides A and
B (Fig. 4) while A, and Ay are corresponding piston areas. In Eq.
(32) Xy is the velocity of the piston with respect to the cylinder
wall and 7., is the constant describing the efficiency of the
cylinder.

The quantity of the wasted paper near the reel spool can be
minimized by accurate control of the most critical winding param-
eters such as torque, nip load and tension [14]. Most of the wasted
paper results from the starts and the ends of winding the paper
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Fig. 4 The principle of the hydraulic circuit used to control the
nip load

roll. In practice, the reel motion is directed using force feedback
control. Accordingly, the value for the input signal for values in
voltage can be written as

Ucontror = KpUer + Klf Uerr (33)
where K is the proportional gain, Kj is the integration gain, and
U, represents the difference between the reference and the mea-
sured signals of the cylinder forces of the reel. The servovalve is
modeled using a second-order dynamic model, which can be de-
scribed using transfer function G(s) as follows:

2
,

i (34)

Gs)=—7T"—
) 4+ 2{w,s + 0}

where w, is the natural frequency and ¢ is the damping coeffi-
cient. These coefficients can be defined using the Bode diagram.
The hydraulic servocontrol system of the nip load is described in
Fig. 4.

Simulated Faults and Results

In the following section, the simulation model is analyzed using
introduced formulations. Considerable differences between simu-
lation times can be detected while the results between simulations
remain identical when equal step size is used. In this study, two
failure situations are considered and analyzed. The model of the
reel is used to simulate excessive friction faults produced by the
contact of the rails and carriages. In practice, these fault types do
not appear frequently. However, the fault type is harmful in the
sense it affects the nip load and, consequently, decreases the roll
quality. A failure situation can be considered critical when it
causes a 5% change in the nip load. It is important to note that,
when the stick-slip phenomenon is taken into account, the friction
forces may fluctuate considerably. These forces directly increase
the nip load and cannot be controlled with a force servocontroller.
In the following, simulation results are presented without numeri-
cal values in order to protect the reel-related product know-how of
the reel manufacturer.

Comparison of the Formulations and Integrators. All for-
mulations are used to simulate a 500 s cycle of a reeling sequence
using a step size of 0.002 s. In Fig. 5, results of the velocity of
sledge A obtained using three formulations are presented. It can be
seen that the results are similar. In Table 1, the simulation times
are compared and the augmented Lagrangian is found the most
efficient out of the three formulations. Capability for simulations
in real time is obtained with a fourth-order Runge-Kutta integra-
tion procedure (RK4) when a step size of 4.5 ms is used.

The most considerable computational costs in the method of
Lagrange multipliers and augmented Lagrangian method are in
the calculation of the Jacobian matrix, the constraint acceleration
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Fig. 5 Velocity of sledge A using different formulations

vector, and the inversion of the leading matrix. The augmented
Lagrangian method is the fastest of the implemented algorithms
because the matrix inverted is smaller and a symmetric and posi-
tive definite. For this reason, more efficient algorithms can be
used to solve a set of linear equations. In the method based on
projection matrix R, the matrix inverted is small and can be
solved efficiently. The biggest computational cost is in the use of
the iterative Newton-Raphson algorithm. The code is meant to be
used in real-time applications, and for this reason, the number of
iterations has to be constant in order to guarantee that the solving
time of each time step is the same. In offline applications, the
iteration is not necessary in every time step.

It is noteworthy that the complete model is cumbersome to
verify in practice. This is due to the fact that most of the variables
can not be measured from the production unit. However, methods
used in the modeling of submodels, including the hydraulics and
contact model, are verified in previous studies [16,19]. Results of
mechanical components are verified comparing simulation results
to those obtained using commercial software.

Excessive Friction on the Rails of Carriage A. In the first
example, the excessive friction is imposed on the rails of carriage
A, shown in Fig. 1. In this example, the static and dynamic fric-
tion coefficients are increased from 0.015 to 0.025 and 0.0045 to
0.0145, respectively. Because of the force control, the friction
causes an increase in the nip load at side A of the reel as can be
seen from Fig. 6. This can be observed as a small error in the
position of the carriages. However, the position error is only
0.2 mm, making it cumbersome to identify using measurements.
To detect excessive friction, it is reasonable to simulate another
stage of the working cycle. Increased friction forces can be de-
tected directly from the force sensor of the cylinder when the
paper roll is moved to storage position.

When the paper roll is completed, the secondary carriages
transfer the parent reel to storage position. During the transfer
sequence, the excessive friction can be perceived from the force
sensors of the hydraulic actuators or the pressures of cylinder
chambers as shown in Fig. 7.

Excessive Friction on the Rails of Sledge A. The friction on
the rails of sledge A causes an increase in the nip load similarly to

Table 1 Comparison of simulation times

Formulation

Descriptor form Augmented Lagrangian
s

Integrator (s) Matrix R(s)
RK4 3169.8 1680.1 1103.8
RK2 1637.9 885.8 575.0
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excessive friction on the rails of the carriage. In this case, the
friction force is a function of the mass of the paper roll and it
increases the nip load during reeling. The same friction coeffi-
cients as in the first example are used in this case. In this example,
a change in the friction coefficient can be perceived from the force
sensors of the hydraulic actuators and, in addition, from contact
forces between arms and bearing housing as in Fig. 8.

Discussion on the Results. Reeling operation is considered to
be defected when a 5% difference occurs in the nip load. In prac-
tice, the nip load is cumbersome to measure and, for this reason, a
simulation model can be used for estimating the load. Excessive
friction on the rails directly increases the nip load. During reeling,
this cannot be detected from the cylinder pressures or force sen-

Cylinder A force
=

sors used to control the nip load. When the paper roll is trans-
ferred to the storage position, rail failures can be perceived. Em-
ploying force measurements of the arms, the faulty rail can be
identified. Using parameter estimation, the simulation model can
be updated so that the simulation model functions like an existing
system. Then, from the variation of parameters, possible faults can
be perceived.

Conclusions

In this study, the dynamic model of a reel mechanism was
utilized in fault detection. A simulation model was modeled using
three different multibody formalisms. Multibody formalisms with
two integrators were compared in terms of accuracy and effi-
ciency. The results showed that the most efficient combination for
the reel simulation is the augmented Lagrangian method with a
fourth-order Runge-Kutta integrator. Using a second-order Runge-
Kutta integrator, computation times twice as fast as those with a
fourth-order Runge-Kutta can be achieved, but the results suffer a
lack of accuracy. Between different formulations, the results were
identical when appropriate penalty terms were defined.

Generally, multibody methodologies seem to be a practical in
the simulation of fault scenarios. The studied system was modeled
systematically, and different subsystems were coupled into the
model directly. Based on the results of the simulations, the faults
could be detected and identification could be carried out. In future
studies, the simulation model will be integrated into an existing
mechanism, making it necessary to study the capabilities of the
simulation in field conditions.
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Nomenclature
A = area of the piston in the cylinder
B = transformation matrix from velocities of gener-
alized coordinates to velocities of independent
generalized coordinates
= effective bulk modulus
5 = maximum damping coefficient
C = vector of kinematic constraint equations
constraint Jacobian matrix
d = diameter of the paper roll
d" = relative curvature of cylinders
dy = initial diameter of the paper roll
d; = diameter of the reel drum
d}™ = penetration depth when the maximum damping
coefficient is achieved
D = matrix that defines direction of friction force in
the joint
e = positive real variable that specifies the expo-
nent of the force-deformation characteristic
E = Young’s modulus
E° = effective modulus of elasticity
f = function of friction coefficient
F. = nip contact force
F., = force of the hydraulic cylinder
F; = vector of friction forces
F, = vector of joint constraint forces
G(s) = transfer function of valve
k, = stiffness coefficient
K; = integration gain
Kp = proportional gain
p = pressure in the volume
q = vector of generalized coordinates
g, = vector of dependent generalized coordinates
q; = vector of independent generalized coordinates
m = number of constraint equations
M = mass matrix
n = number of generalized coordinates
N; = number of input flow rates
N, = number of output flow rates
Q;, = input flow rate
Qou = output flow rate
Q°¢ = vector of generalized forces
Q' = vector of quadratic velocity inertia terms
R = velocity transformation matrix
t = time
= input control signal
U, = difference between the reference and measured
signals
v = web speed
V = volume
x = distance between centers of paper roll and reel
drum
Xey = velocity of the piston with respect to the cylin-
der wall
« = matrix of penalty terms

122 / Vol. 1, APRIL 2006

y = acceleration of generalized coordinates when
zero acceleration for independent generalized
coordinates is used

& = penetration depth of rolling cylinders

A = constant used to define contact force

7y = constant describing the efficiency of the
cylinder

= damping coefficient of the servovalve

= vector of Lagrange multipliers

matrix of fictitious damping ratios

Poisson’s ratio of the paper roll

average web thickness of the paper roll

w, = natural frequency of the servovalve

Q = matrix of fictitious natural frequencies

9 %R >
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References

[1] Cuadrado, J., Dopico, D., Gonzalez, M., and Naya, M. A., 2004, “A Combined
Penalty and Recursive Real-Time Formulation for Multibody Dynamics,” J.
Mech. Des., 126(4), pp. 602-608.

[2] Haug, E. J., 1989, Computer-Aided Kinematics and Dynamics of Mechanical
Systems, Allyn and Bacon, Boston.

[3] Shabana, A. A., 2001, Computational Dynamics, Wiley, New York.

[4] Bayo. E., Garcia de Jal6n, J., and Serna, M. A., 1988, “A Modified Lagrangian
Formulation for the Dynamic Analysis of Constrained Mechanical Systems,”
Comput. Methods Appl. Mech. Eng., 71(2), pp. 183-195.

[5] Garcia de Jdlon, J., and Bayo, E., 1994, Kinematic and Dynamic Simulation of
Multibody Systems—The Real-Time Challenge, Springer-Verlag, Berlin.

[6] Serna, M. A., Rafael, A., and Garcfa de Jdlon, J., 1982, “Dynamic Analysis of
Plane Mechanisms With Lower Pairs in Basic Coordinates,” Mech. Mach.
Theory, 17(6), pp. 397-403.

[7] Wehage, R. A., and Haug, E. J., 1982, “Generalized Coordinate Partitioning
for Dimension Reduction in Analysis of Constrained Dynamic Systems,”
ASME J. Mech. Des., 104(1), pp. 247-255.

[8] Patton, R. J., Chen, J., and Nielsen, S. B., 1995, “Model-Based Methods for
Fault Diagnosis: Some Guide-Lines,” Trans. Inst. Meas. Control (London),
17(2), pp. 73-83.

[9] Isermann, R., and Ballé, P., 1997, “Trends in the Application of Model-Based
Fault Detection and Diagnosis of Technical Processes,” Control Eng. Pract.,
5(5), pp. 709-719.

[10] Bettig, B. P, and Han, R. P. S., 1998, “Predictive Maintenance Using the
Rotordynamic Model of a Hydraulic Turbine-Generator Rotor,” ASME J. Vibr.
Acoust., 120(2), pp. 441-448.

[11] Serban, R., and Haug, E. J., 1998, “Kinematic and Kinetic Derivatives in
Multibody System Analysis,” Mech. Struct. Mach., 26(2), pp. 145-173.

[12] Shabana, A. A., 1998, Dynamics of Multibody Systems, Cambridge University
Press, Cambridge, England.

[13] Haug, E. J., and Yen, J., 1990, “Generalized Coordinate Partitioning Methods
for Numerical Integration of Differential-Algebraic Equations of Dynamics,”
Real-Time Integration Methods for M [ System Simul NATO Ad-
vanced Studies Institute, Series F, Vol. 69, Springer-Verlag, Berlin Heidelberg,
Germany, pp. 97-114.

[14] Jokio, M., 1999, Papermaking Part 3, Finishing, Gummerus Printing,
Jyviiskyld.

[15] Haug, E. J., Wu, S. M., and Yang, S. M., 1986, “Dynamics of Mechanical
Systems With Coulomb Friction, Stiction, Impact and Constraint Addition-
Deletion—I, Theory,” Mech. Mach. Theory, 21(5), pp. 401-406.

[16] Jorkama, M., 1998, “The Role of Analytical Winding Dynamics in Winder
Design,” Tappi J., 81(1), pp. 202-207.

[17] Johnson, K. L., 1985, Contact Mechanics, Cambridge University Press, Cam-
bridge, England.

[18] Watton, J., 1989, Fluid Power Systems, Prentice-Hall, Englewood CIiff, NJ.

[19] Handroos, H. M., and Vilenius, M. J., 1991, “Flexible Semi-Empirical Models
for Hydraulic Flow Control Valves,” J. Mech. Des., 113(3), pp. 232-238.

Transactions of the ASME

Downloaded 06 Apr 2009 to 133.31.18.68. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm






|V

“Multi-Body Simulation Approach for Fault
Diagnosis of a Reel”. Reprinted from the
Journal of Multi-Body Dynamics, with kind
permission of the Professional Engineering
Publishing.






Multi-body simulation approach

for fault diagnosis of a reel

P Korkealaakso*, A Mikkola, and A Rouvinen

Department of Mechanical Engineering, Lappeenranta University of Technology, Lappeenranta, Finland

The manuscript was received on 5 August 2004 and was accepted after revision for publication on 10 October 2005.

DOI: 10.1243/146441906X78406

Abstract: This study introduces a simulation approach that can be utilized in the detection
of abnormalities in the behaviour of machines. The approach is based on the utilization of
a detailed multi-body simulation model. In this study, the approach to detect abnormalities
is applied to the study of a reel. The reel under investigation is used at the finishing end of the
papermaking process and it consists of a number of subsystems including hydraulics, electrical
drives, and mechanical parts. In the reel, mechanical parts are coupled by joints, contacts, and
friction.

The symptoms of the faults are generated using the variables which can be measured from the
reel. When using a traditional component level monitoring method, the faults in the process often
cannot be recognized. However, in the proposed multi-body simulation approach, the supervi-
sion of a machine can be focused on the functionality of the entire process, whereas detection
of faults can be carried out without the use of additional instrumentation. When the multi-
body simulation approach is used, the modelling of a machine can be carried out in a straight-
forward and systematic manner including the dynamic coupling between the subsystems of

a machine.

Keywords: multi-body simulation, fault detection, a reel, coupled simulation

1 INTRODUCTION

In process industry, failures that may appear in
machines can lead to severe accidents and consider-
able financial losses. Accordingly, the development
of fault diagnosis for the process machines is
highly prioritized. Methods based on signal proces-
sing techniques such as the frequency spectrum
analysis, spectrograms, and wavelets are often uti-
lized in fault detection. It is noteworthy, however,
that these methods do not always provide the infor-
mation which is needed in order to identify the
cause of faults. Hardware redundancy can be used
in the fault diagnosis of safety critical systems such
as in airplane control systems. It is possible to iso-
late the faults using hardware redundancy, but it
offers only a moderate rate of false alarms. One

*Corresponding author: Department of Mechanical Engineering,
Lappeenranta University of Technology, FIN-53851 Lappeenranta,
Finland.

clear disadvantage of this method is the need for a
large number of sensors. This is due to the fact
that several identical hardware systems are used in
parallel [1]. Statistical models for fault detection
and isolation (FDI) systems can be formulated
employing data obtained from earlier measure-
ments. A statistical model-based approach is used
in reference [2] to isolate the features of the faults.
This is accomplished by developing signal proces-
sing techniques using a non-linear filter approach.
When the data obtained by measurements are not
available, the analytical redundancy approach can
be used. The method uses the signals generated by
the mathematical model of the system in such a
manner that redundant sensors are not needed.
The studies of model-based (analytical redundancy)
techniques can be divided into two main categories:
quantitative and qualitative modelling. In the quali-
tative models, the infinitesimal close numerical
changes in the system (quantitative) can be rep-
resented using a few qualitative values that describe
the behaviour of the system [3]. On the other hand,
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quantitative models are based on differential
equations that describe the dynamical behaviour
of the system. In these modelling approaches,
linear and nonlinear models can be used, whereas
in recent studies, the number of nonlinear models
applied to failure diagnosis has been continuously
increasing [4]. Faults in the system generate symp-
toms that can be identified as residual functions
from the analytical model of the normal operation
and behaviour of the diagnosed system. This can
be achieved by comparing a measurement of a
variable that is indicated with the symptom to the
comparable variable from the simulation model.
Residuals can be generated using different
approaches. The most common are observer-
based, parity relation, and parameter estimation
methods [4]. More details on model-based tech-
niques in FDI are given in survey papers by Willsky
[1], Isermann [5], Frank [6], Basseville [7], and
Patton et al. [8]. A finite element model of a rotor
was used in reference [9] to predict a machine life-
time. The model was used to identify the parameters
describing the deterioration of the mechanism from
the measurement of an actual machine. In that
study, the supervision of the machine is focused on
the functionality of the entire process instead of an
individual component. Accordingly, the approach
introduced in reference [9] resembles the approach
that is used in this study. The most distinctive differ-
ence between this study and reference [9] is,
however, the coupling of different subsystems.

In this study, quantitative modelling techniques are
studied using a non-linear dynamical model. Gener-
ally speaking, the forming of an accurate mathemat-
ical model for the purposes of a model-based fault
diagnosis system is time-consuming. This is due to
the fact that most of the modelling methodologies
suffer from case dependencies. This study is focused
on a general modelling approach that can be used
to describe the dynamical behaviour of a mechatronic
machine with non-linearities. Particularly, the
dynamic analysis of multi-body systems is used for
the purpose of fault detection and observation.

The multi-body system simulation approach is
applied to the fault diagnosis of the reel. The simu-
lation model consists of mechanical, electrical, and
hydraulic subsystems that are coupled together. On
the basis of the response differences between
normal and faulty simulations, the required measure-
ments for identifying the faults can be defined and
utilized in the design of the fault diagnosis system.
In the simulation model of a reel, clearances of the
mechanical joints and structural flexibility are
assumed to be neglectable. However, the flexibility
of a hydraulic system is accounted to the reel
model. Classification and reasoning methods in
order to isolate the faults are outlined in this study.

2 USE OF MULTI-BODY DYNAMIC APPROACH
IN FAULT DIAGNOSIS

The non-linearity of mechanical systems can lead to
numerical difficulties that usually force to use com-
puterized techniques when analysing the dynamics
of the system. The multi-body dynamics simulation
approach can be used to analyse a wide variety of
mechanical systems including automobiles, mobile
cranes, satellites, and robots. Large rotations and
large variations of geometric configurations under
operation conditions are the common features in
these applications [10, 11]. Methods used in multi-
body simulations can be divided into two wide cat-
egories: global and topological formulations. Several
commercial software products, such as ADAMS [12],
use constrained Cartesian coordinates and are based
on global formulations. In the global methods, sys-
tems consisting of open and closed loops are con-
sidered in the same manner. By taking advantage of
system topology by employing recursive methods
with joint coordinates, it is possible to improve the
numerical efficiency of the dynamic simulations.
Formulations that use both Cartesian and relative
coordinates with velocity transformation between
these coordinate systems are often called semi-
recursive methods. In these formulations, the
equations of motion may take a simpler form and,
in consequence, they may be suitable for online
fault diagnosis. It is important to note, however,
that semi-recursive methods are involved and cum-
bersome to use in a general case [13, 14]. In this
study, the global multi-body simulation approach is
used in the modelling of a reel mechanism with
actuators and control systems. The fault diagnosis
system can be used in online or offline simulation,
and based on the selected approach, the formulation
of the multi-body system and the accuracy of the
subsystems can be selected, respectively.

A multi-body simulation approach can be used to
take the coupling of separate subsystems into
account. By coupling subsystems together, the func-
tionality of the entire machine can be examined.
Several symptoms in single components can often
be isolated using classification or reasoning tech-
niques. A problem related to component level con-
dition monitoring is the omission of faults that
have an effect on the operation of the process. Utiliz-
ing multi-body simulation, it is possible to capture
the performance of the system with a simple sensor
configuration. It is also important to note that simu-
lation models make it possible to obtain variables
which cannot be measured. For these reasons,
expenses due to additional sensors can be avoided
when model-based techniques are used in fault
detection.
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Fig. 1 The main parts of the reel

In the case of the reel, the operational cycles are
normally repeated once an hour. When an offline con-
dition monitoring approach is used, complex and
detailed dynamical models can be utilized in fault
detection. When faults appear seldom, as it is in the
case of the reel, the simulation model can also be uti-
lized to generate data that describe faulty scenarios.

3 DYNAMICAL MODEL OF THE REEL

In the following sections, the simulation model of the
reel is introduced. A brief description of the system
studied as well as the modelling method of mechanical
components with constraints, friction, and contacts
are described. The hydraulic system with servo control
will also be introduced in the following sections.

The system under investigation is the reel mechan-
ism of a paper machine. The reeling sequence fol-
lows calendering at the end of the papermaking
process. When paper comes from the calender, it
will be wound around the reel spool. The purpose
of this sequence is to produce large-diameter rolls
of paper called parent reels. The weight of the roll
can be from 20 000 to 120 000 kg, whereas the dia-
meter ranges from 2 to 4 m [15]. The main parts of
the reel are depicted in Fig. 1. The reel spool is
attached to the carriages by hydraulically locked
arms. Note that the carriages do not hold up the
reel spool. Instead, it lies on the sledges which
move along the rails on the low friction linear bear-
ings. The reel spool is pressed against the reel drum
by pulling the carriages using hydraulic cylinders.

The wearing of the parts can lead to excessive fric-
tion forces between the components. The friction
forces are a remarkable source of instability when
considering the control of the reel. In this study, the
hydraulic components are modelled in order to
obtain realistic cylinder forces that are needed in the
interaction of mechanical parts. The nip load caused
by cylinders attached to the carriages is controlled
using the servo control system of the cylinder forces.

The operation of the reeling sequence is shown in
Fig. 2. At the first stage (Fig. 2(a)), the reel spool is
pressed against the reel drum while it is rotated
using constant angular velocity in such a way that
appropriate web tension is obtained. When the

a)

R0

nnnnnnun“

—]

BRI N A R AN

Fig. 2 The reel change sequence [15]
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changing sequence begins (Fig. 2(b)), the primary
reeling carriage takes the empty reel spool from
the storage rack. The empty reel spool is accelerated
to the appropriate web speed and switched to
turn-up position. At the third stage (Fig. 2(c)), the
primary nip is closed, web cut, and guided onto
the new spool. At the end of the work cycle
(Fig. 2(d)), the parent reel is stopped and the sec-
ondary carriages transfer the parent reel to storage
position.

In the reeling machine, a good quality of paper
rolls must be obtained because defects in the rolls
often cause problems in unwinding at the cutting
section where the winders are also used. The
defects can take place if the roll is loose or the
nip load is not equally distributed. The reels and
winders in the paper machines contain a number
of mechanical, hydraulic, and electrical com-
ponents that often are inexpensive. For this
reason, the requirement of condition monitoring
may seem unnecessary. However, one should con-
sider the functionality of the entire machine and
try to prevent secondary damages caused by a
faulty part. These critical parts should be con-
sidered carefully in fault detection systems. It is
important to note that the replacement of
an inexpensive part can cause losses of €10 000
[16] each hour the paper machine is not in
operation.

Ground

i |Prismatic

Carriage (A) 19

3.1 Coupled simulation model of a reel

In this study, a dynamic model of the reel that
consists of mechanical and hydraulic components
with a force servo control system is utilized in
fault diagnosis. The mechanism consists of 11
rigid bodies and it is constrained in such a way
that it has 11 degrees of freedom. In Fig. 3, the top-
ology of the system is described using lines to illus-
trate kinematic joints and arrows to illustrate
applied forces. The contact model between the
reel drum and the reel spool is used to describe
the nip load. The contact is described using several
non-linear springs between the rolls. The contact
parameters are estimated using the Hertz theory
of elastic contacts resulting in deformation between
a long, linear—elastic, homogenous and isotropic
cylinder, and a rigid cylinder, describing the paper
roll and drum roll [17, 18]. The force required to
produce the appropriate nip load is achieved by
pressing the rolls against each other by hydraulic
cylinders. The reel considered in this study is
driven by motors attached to both the winding
roll (reel spool) and the nipped roller (reel drum).
The drives are called the secondary centre drive
used in the torque control of the reel spool and
the reel drum drive used in the torque control of
the reel drum. This type of winder is called a
centre-surface reel or winder [15].

Prismatic| i

Rotational Rotational

Cylindrical
Plane (y)

Fig. 3 The topology of the system. Arrows are applied forces and moments and lines describe

kinematic joints
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3.2 Description of mechanical systems

The global formulation, which examines open and
closed chains the same way, is used to describe the
dynamics of the multi-body mechanism. When gen-
eralized coordinates are used, the differential
equations of constrained motion take the form

M +CIA=Q° + Q' M

where ¢ is the vector of generalized coordinates that
defines the position and orientation of each body in
the system, M the mass matrix, Q° the vector of gen-
eralized forces, Q' the quadratic velocity vector that
includes velocity-dependent Coriolis and centrifugal
forces, C, the Jacobian matrix of the constraint
equations, and A the vector of Lagrange multipliers.
Note that the vector Q' contains non-zero rotational
quantities because a three-dimensional space is
used. Generally, in a three-dimensional case, the
description of mass inertias is not constant leading
to non-zero vector Q'. However, owing to a centroi-
dal reference frame the translational components
of Q" which are used are equal to zero. In order to
take into account the kinematic joints connecting
the separate bodies, the following vector of con-
straint equations for position must be satisfied

Clg.t)=0 @

Equations (1) and (2) comprise a system of differential
algebraic equations (DAEs), which determine the
dynamical behaviour of the mechanism. To solve
the equations using ordinary differential equation
(ODE) integration methods, these equations must be
transformed into the second-order ODE. Therefore,
equation (2) is differentiated twice with respect to
time

C@.4.4.0=Cqd+ (Cqd)gq+2Cuq+Cu=0 (3)

By combining equations (1) and (3), the following
matrix of linear equations can be obtained

& Gl leand ] @
C, 0 ]|A —(Cyq)gq—2Cyq—Cy

which can be integrated using the ODE solver [10].
However, equations of motion do not guarantee that
constraint equations in equation (2) are satisfied.
This is due to the fact that during differentiation con-
stant terms of constraint equations disappear and
equation (4) fulfils constraints at acceleration level
only. Therefore, integration causes accumulation of
errors to the kinematic constraints. Constraint
equations can be fulfilled by employing a stabilization

procedure. Another possibility to solve this problem is
to use methods which produce a general solution to
DAEs [13, 19].

3.3 Description of the friction model

Translational velocities of the carriages and sledges
are low during the work cycle. For this reason, the
effect of the friction forces should be studied care-
fully. Generally, the friction model can be divided
into three regimes: sliding, stiction, and the tran-
sition between them. Consequently, the friction
coefficient is a function of velocity. When dynamic
friction is applied to the system, it can be expressed
as follows

Fi =f(g, Fn = flg, PR@Cy A ®)

where F, is a vector of joint constraint forces, f (g, q)
the function of the friction coefficient, R(q) a matrix
that is defined uniquely for each joint type, and Cj A
describes constraint reaction forces. Stiction occurs
when the relative velocity between sliding surfaces
in the joint approaches zero. Stiction can be
described as an additional constraint applied to
the corresponding degrees of freedom. Stiction is
valid as long as the friction force is lower than the
static friction force [20]. This approach, however,
is inconvenient because the numerical integration
procedure must be stopped and restarted again
when the stick-slip phenomenon takes place.
In this study, the friction model is simplified and
defined as a combination of Coulomb and viscous
friction. The friction coefficient in the function of
velocity is depicted in Fig. 4, where the static and
dynamic friction coefficients are used to define the
boundaries of stiction and sliding regimes.

3.4 Description of contacts
A contact model between the rolls is needed in order

to describe the nip force between the reel drum and

Friction coefficient as a function of velocity

dynamic

static

Friction coefficient
o

-dynamic

-static 1
[+
Velocity [m/s]

Fig. 4 Friction coefficient as a function of velocity
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the reel spool. The main features studied in winder
dynamics are associated to the rotation and exci-
tation frequencies of the paper rolls, the change of
the roll mass and winding geometry caused by the
change in roll diameter, and stiffness and damping
characteristics of the nip contact [17]. In this
study, contact forces are described using an
approach that resembles the procedure introduced
by Jorkama [17]. It is noteworthy that the study of
Jorkama contains only contacts in a plane, whereas
in this study the approach is extended to spatial sys-
tems by discretizing the length of the cylinder. The
enlargement of the paper roll during winding can
be approximated by the compulsive movement of
the reel drum which transfers the contacting bodies
at constant velocity. The diameter of the paper roll
can be described as

t
di) = /dg+4—TJ vdt (6)
™ Jo

where 7 is the average web thickness, d, the initial
roll diameter, and v the web speed [17]. In this
study, the nip contact is modelled as a system of
non-linear spring-dampers. On the basis of the elas-
ticity of the bodies in contact, the spring and damp-
ing constants can be defined as will be introduced
below. Applying the Herzian contact theory [17,
18], the penetration depth of the cylinders can be
expressed as

2
s=r U ”)[2111(2*‘1)71] @
wE a

where F, is the contact force of the nip, d the dia-
meter of the paper roll, E the modulus of elasticity,
v the Poisson ratio of the paper roll, and a the
semicontact width which can be calculated as

[2d*F,
= 8
a wE* ®
In equation (8), E* is the effective modulus of elas-

ticity and d* is the relative curvature of cylinders
which can be defined as

L (1 1\
d7<a+d—l) 9

where d and d, are the diameters of the paper roll
and reel drum, respectively. The effective modulus
of elasticity takes the form

E*~ E

N — 1
1—12 (10)

It is noteworthy that the use of the Herzian contact
theory leads to a computationally expensive pro-
cedure. For this reason, this study employs an
approach that is based on the use of approximate
polynomials. The nip contact is modelled and
included in the reel model using a system of springs
which are distributed along the length of the contact
line. The contact force in this approach is modelled
using the approximated equation as

ka(xo — %)¢ 4 e x,
F = k. (xo — x)°¢ + c;“‘""‘A2
x(3 —2A)x, 0<xp—x<d™

0, Xo—x <0

Xo—x = dM™

(11)

where A= (xo—x)/d. In equation (11),
Xo = (d+dy)/2, x is the distance between cylinder
centres, parameters k, and e are approximated
using equation (7) that describes the compression
of cylinders at a certain contact force, dy'* is the
penetration depth when the maximum damping
coefficient c3'®* is applied. In equation (11), different
regions are used in order to smooth discontinuities
of contact forces. When contact occurs, the com-
pression of cylinders in equation (7) is a function of
the contact force which cannot be solved explicitly.
In equation (11), contact force is directly a function
of nip deformation and can be solved without iter-
ation. Unknown parameters in equation (11) will be
defined in such a manner that contact force closely
resembles the Herzian contact theory.

3.5 Description of the hydraulic circuit with the
servo control system

In this study, the lumped fluid theory [21] is used in
the modelling of the hydraulic circuit of the reel. In
the lumped fluid theory, a hydraulic circuit is divided
into volumes where the pressure is assumed to be
equally distributed. The valves are modelled employ-
ing a semi-empirical approach [22] where the par-
ameters used in the flow equations through the
orifice can be obtained, in many cases, from manu-
facturer catalogues. In the lumped fluid theory, the
differential equation for pressure in the volume can
be expressed as

B (N N, .
p=v (Z Qi =D Oy — V> (12)
i=1 j=1

where B. is the effective bulk modulus of the volume,
V the volume, V' the change of volume with respect
to time, and Q;, and @, are input and output flow
rates, respectively. Indexes N; and N, are the
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numbers of input and output flow rates, respectively.
The flow rates in the hydraulic circuit are often mod-
elled assuming the flow to be turbulent [21]. A leak in
the direction valve can also be accounted for in the
modelling approach. In this study, the friction in
the cylinder is modelled as a combination of
Coulomb and viscous friction.

The quantity of the wasted paper near the reel spool
can be minimized using accurate control of the most
critical winding parameters such as torque, nip load,
and tension [15]. Most of the wasted paper results
from the starts and ends of winding the paper roll.
In practice, the force feedback is used as a control
method for the reel motion. Accordingly, the value
for the input signal in voltages can be written as

Ucon(ml = KP Uerr + I<I J Uerr (13)

where Kp is the proportional gain, K; the integration
gain, and Uy, represents the difference between the
reference and the measured signals of the cylinder
forces of the reel. The servo valve is modelled using
a second-order dynamic model, which can be
described using transfer function G(s) as

w?

G(s) = m (14)

where w, is the natural frequency and ¢ the damping.
These coefficients can be defined using the Bode-
diagram given to the modelled valve as

1 T2 1
Wy = —, ™= s _
T [Gle_q 27

where a —90° phase lag point is used to define w, and
magnitude ratio |G|, ,,, 7 and 7, are time constants
[23]. The hydraulic servo control system of the nip
load is described in Fig. 5.

Force
ImedsuTennent

L
T
%] <
) Tt Force reference

Fig. 5 The principle of the hydraulic circuit used to
control the nip load.

\JAVAV

4 SIMULATED FAULTS AND RESULTS

In the following section, three abnormal operation
conditions of the reel are simulated. The simulation
model introduced in the previous section is used in
the analysis of the following fault conditions during
the working sequence:

(a) excessive friction on the rails;
(b) leakage in the servo valve;
(c) noise in the force sensor signal.

In all simulated scenarios, the cylinder reference force
is set to produce a nip load of 4000 N/m, while the
web speed is kept constant. In the reel, it is assumed
that the thickness of the paper layer on the reel is
1 m. The friction forces on the rails are defined in
equation (5) accounting for both sliding and stiction
effects. The numerical value 0.013 is used in the slid-
ing area and value 0.015 is used in the stiction area.
Using these parameters, the model can be tuned in
such a way that the force resulting from the hydraulic
servo control system and the material-dependent
contact model imitate the working conditions of the
real reel. It is important to note that this study is
focused on finding the relations between the model
state variables and the measurements in fault situ-
ations. Results of abnormal conditions are compared
with the results from the normal condition. Simulated
results are shown without exact numerical values in
order to protect the design of the reel.

4.1 Case 1: excessive friction on the rails

In the first example, the excessive friction is imposed
on the rails of carriage A, shown in Fig. 1. In this
example, the static and dynamic friction coefficients
are increased from 0.015 to 0.06 and from 0.013 to
0.058, respectively. Owing to the force control, the
friction causes an increase in nip load at side A of
the reel. This can be observed as the error in the
position of the carriages as depicted in Fig. 6.

When the paper roll is completed, the secondary
carriages transfer the parent reel to storage position.
During the transfer sequence, the excessive friction
can be perceived from the force sensors of the
hydraulic actuators or the pressures of cylinder
chambers as shown in Fig. 7.

4.2 Case 2: leak in the servo valve

In the second fault example, the leak in the servo
valve is studied. The leakage is modelled as an
increase of relative leaking from the pressure port
to port A of the valve (see Fig. 5). The leaking of the
valve is cumbersome to observe without the use of
flow sensors. In this example, noticeable changes
can be observed in the pressures in cylinder
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Position of carriage A

Position [m]

Time [s]

Pogition of carriage B

Position [m]

Time [s]

Fig. 6 Position of carriages when excessive friction is applied to the rails of carriage A

chambers, the spool displacement of the servo valve,
and the control voltage. Figure 8 shows the difference
between pressures and control voltages in the case of
leaking and in normal operation conditions. On the
basis of the simulations of this fault, the pressure in
chamber A of cylinder A decreases when relative
leaking is decreased as can be seen in Fig. 8. If rela-
tive leaking is increased, the force servo did not
manage to achieve the desired force.

4.3 Case 3: noise signal in the force sensor

In this example, a noise signal in the force sensor is
studied. When a random noise signal is added to
the force sensor in the cylinder of carriage A, the
effect of the signal can be seen as superimposed
vibration in the system as shown in Fig. 9. Another
effect is the raise of the pressure in the hydraulic
system which is shown in Fig. 9, by depicting a
pressure in chamber A of the cylinder at side

leinde( A forcle

Force [N]

Time [s]

A. This pressure raise is caused by the effort of the
control system to achieve the reference value
because an increased need of reaction to varying
measurement signals increases the pressure.

4.4 Discussion about the results

Three faulty situations are studied in order to show
how the faults can be indicated with different state
variables. Using a multi-body simulation model,
the faults that have an effect on the quality of the
paper roll can be isolated. Accordingly, a multi-
body simulation model can be used in the design of
a fault diagnosis system to define the necessary
measurements. In the case of the reel, special atten-
tion must be paid to the effect of faults on the nip
load. A varying distribution of the nip load may be
harmful because the radius of the paper roll will be
different at the ends of the roll. Consequently, the
internal roll stress distribution of the parent reel is

Pressure of cylinder A chamber A

Pressure [Pa]

— Normal
Faulty

Time [s]

Fig. 7 The force of cylinder A and the pressure of cylinder A in chamber A when excessive friction
is applied to the rails of carriage A during the transfer to the storage position
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Pressure of cylinder A chamber A

Control vloltage of servo valve A

Pressure [Pa]

Voltage [V]

Time [s]

Time [s]

Fig. 8 The pressure difference in cylinder chamber A and the voltage difference in the control of
the servo valve when the leak in the servo valve at side A is considered

not uniformly distributed, which leads to problems
in roll quality. In Fig. 10, the nip forces are depicted
in simulated normal and three faulty conditions,
where the figure on the right is a close-up of the
lower curves of the figure on the left.

Despite the faults, the force control manages to
achieve its reference value with acceptable accuracy.
However, in the case of excessive friction, nip force is
not equally distributed as a result of which the paper
quality is decreased. As can be seen from Fig. 10,
excessive friction on the rails causes the raise of the
nip contact force at the side of the reel where friction
is applied. The noise signal in the force sensor can be
detected as a varying nip load, which may cause
changes in the hardness of the paper roll and also
non-uniform stress inside the roll. The simulated
leaking in the servo control valve does not affect
the nip load directly. However, in the case of exces-
sive leaking, a failure in operation occurs. This can

Cylinder A force

be detected before the final failure from the pressure
in the cylinder chamber, as depicted in Fig. 8.

5 CONCLUSIONS

In this study, a multi-body simulation approach was
used to study faults of the reel. A brief description of
modelling methods of the reel was introduced in the
study. The introduced simulation model was used to
study three faulty operation conditions.

Typically, model-based condition monitoring
relies on the mathematical system model that is
constructed using measurements and applying
signal-processing techniques. Using a standard-like
physical modelling approach such as multi-body
system dynamics, the functionality of the complete
machine system, including actuators and control
systems, can be used as a basis for condition

Pressure of cylinder A chamber A

Force [N]

Pressure [Pa]

Time [s]

Time [s]

Fig. 9 Force difference of the cylinder A and pressure difference in cylinder chamber A when a
noise signal is added to the force sensor signal of the cylinder
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Nip Ioadlin simulated sjtuations

Force [N]

—— Normal operation condition

------ Excessive friction

-=sa. Leak in servo valve

- Noise signal in force sensor
7

Time [s]

Nip load in simulated situations

Foree [N]

— Normal operation condition
------ Excessive friction

----- Leak in servo valve

- Noise signal in force sensor

L n L

Time [s]

Fig. 10 The nip load in simulated conditions. The figure on the right is a close-up of the lower

curves in the left figure

monitoring. In the multi-body approach, the model-
ling of a machine can be accomplished in a systema-
tic manner. Usually, the models used in condition
monitoring and fault detection are linearized. In
the simulation approach used in this study, non-
linearities are taken into account while the func-
tionality of a complete machine is considered.
Accordingly, frictions, contacts, and different kinds
of actuators can be accounted and used in the con-
dition monitoring and fault detection. Using multi-
body simulation in condition monitoring and fault
diagnosis, it is possible to get information from the
system with a simple sensor configuration. On the
other hand, variables that cannot be measured can
be defined by utilizing the simulation model. With
the simulation model, the relationships between
model state variables can be obtained and the fail-
ures in the system can be recognized without the
need for additional sensors. In the design of a fault
detection system, this knowledge can be used to
observe the measurable variables that indicate a
faulty situation. If there is a lack of measurements
in faulty situations, the faulty situations can be
reconstructed using a simulation model of the
system. The model can also be utilized in the training
of expert systems for fault detection.

Generally, when the multi-body approach is used,
the simulation model can be integrated into the real
operating environment. This method can be utilized
to develop and test the fault diagnosis systems and to
help understand the physical characteristics of the
faulty situations. Furthermore, sensitivity to par-
ameter changes of the modelled machine can be
studied. The simulation results introduced in this
study showed the applicability of the multi-body
approach to fault diagnosis. Faulty behaviour can
be detected even if it does not harmfully affect the

functionality of the reel as in the case of leaking in
the valve.

Because a large amount of information resulted
from the simulations must be analysed, some classi-
fication methods should be used to identify faults.
Moreover, some parts of the model, which are
cumbersome to define using the modelling tools
available, can be replaced by data generated from
the measurements of the real system. These are
research topics for future studies.
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APPENDIX

Notation

a semicontact width of the nip contact
B. effective bulk modulus

dnax
(o}

[\

Ucontrr)l

Uerr

v
v
X

a9 >N O

T T2

maximum damping coefficient

vector of kinematic constraint equations
constraint Jacobian matrix

diameter of the paper roll

relative curvature of cylinders

initial diameter of the paper roll
diameter of the reel drum

penetration depth when the maximum
damping coefficient is achieved
positive real variable that specifies the
exponent of the force deformation
characteristic

Young’s modulus

effective modulus of elasticity
function of friction coefficient

nip contact force

vector of friction forces

vector of joint constraint forces
transfer function of valve

magnitude ratio when -90° phase lag
point is used

stiffness coefficient

integration gain

proportional gain

mass matrix

number of input flow rates

number of output flow rates

pressure in the volume

vector of generalized coordinates
input flow rate

output flow rate

vector of generalized forces

vector of quadratic velocity inertia terms
matrix that defines direction of friction
force in the joint

time

input control signal

difference between the reference and
the measured signals

web speed

volume

distance between centres of paper roll
and reel drum

penetration depth of rolling cylinders
constant used to define contact force
damping coefficient of the servo valve
vector of Lagrange multipliers
Poisson’s ratio of the paper roll
average web thickness of the paper roll
time constants

natural frequency of the servo valve
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Abstract: Real-time simulators have become more popular in the field of user training. This is
due to the possibility to give basic training and knowledge of machines and their operation
environment to the operator even when the machine is not actually present. The use of simu-
lators instead of actual machines has several advantages. First of all, the available machine
capacity is not tied to training and can be used in productive work. Secondly, using a simulator
helps to avoid accidents that may occur using real machines. Using a simulator also enables
different environmental aspects, such as lighting conditions, fog, wind, and so on, to be taken
into account in the training of all operators alike. Real-time training simulators are complicated
machine systems, which consist of a user interface, an I/O-system, a real-time simulation model
describing the dynamics of the machine in question and its connections to the environment, a
visualization of the operational environment, and a possible motion platform. The user interface
is usually taken directly from the simulated machine. Consequently, the user has the possibility
to become familiar with the operating interface in an early phase of training.

In this article, the development of a gantry crane operator-training simulator, including all the
earlier mentioned components, is presented. The aim of this article is to present an example of
methods used in the development of the separate areas of a training simulator.

Keywords: gantry crane, real-time simulation, user training, motion platform, dynamic

modelling

1 INTRODUCTION

Gantry cranes are used in a harbour environment to
move containers between the pier and the ships. The
crane (Fig. 1) consists of three main parts that move
in relation to the pier and each other: the gantry
moves along the rails in the direction of the pier
and the trolley moves along the rails attached to
the gantry perpendicular to the pier. The spreader,
used to grab the containers, is attached to the trolley
via cables and carries out the hoisting movement by
winding and unwinding the cables.

Traditionally, gantry crane operators are trained
while operating actual cranes with real cargo in

*Corresponding author: Department of Mechanical Engineering,
Institute of Mechatronics and Virtual Engineering, Lappeenranta
University of Technology, Skinnarilankatu 34, PO Box 20,
FIN-53851 Lappeenranta, Finland.

harbours. This might cause dangerous situations,
decrease work efficiency, and even become very
expensive if mistakes occur. Utilization of a real-
time simulator in an earlier phase of training enables
the safe and controlled learning of the basic skills
required in operating the crane. In a virtual environ-
ment, it is safe and possible to produce and practice
the crane operations in conditions and situations
that might be rare or not normally be possible at all.

While using the simulator, the operator sees the
container moving in a virtual world. The virtual
world combined with the motion platform, which
creates movement effects, gives the operator real
world-like feedback. The surrounding sounds give
the final touch to the simulator environment. Besides
the visual feedback, the feedback from the motion
platform is very important in operator training. If
the operator does not feel the accelerations of the
machine system caused by control manoeuvres, the
training may cause operating behaviour that is too
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e Spreader

Fig. 1 Side view of a gantry crane

fast and harsh as swift operation movements seem
not to cause any physical feedback. When motion
platform feedback is added, the operating behaviour
becomes smoother, because discontinuous control
signals usually cause accelerations unpleasant to
operator.

Basically real-time simulators consist of a user
interface, an I/O-system, a real-time simulation
model describing the dynamics of the machine in
question, a visualization of the environment, and a
possible motion platform producing acceleration
effects for the operator. Figure 2 presents the com-
ponents required to build a real-time training
simulator.

Control signals given by the operator are trans-
ferred via the I/O-interface into the dynamic simu-
lation model. In simulation models, signals can be
treated in several different ways. Simple binary on/
off-signals can be used to launch operation cycles
such as opening or closing the container locking.
Analogue signals can be used to give reference
values for more complicated functions. The

Real-time dynamic
model

model
Operator H Controls |

Fig. 2 Components of a real-time training simulator
system

Visualisation

rotational velocity reference of an electric drive is
a good example of the use of analogue signals.
During the study, it became clear that the most
natural way to treat analogue control signals is to
use them as a reference for the calculation of external
forces acting in the system. This way, control signals
seldom cause discontinuities, as the change in force
causes change in system accelerations, which are
integrated twice to solve the position information
of the system.

The position information of separate parts is trans-
ferred into the visualization system, where the virtual
world is drawn. In this case, also the surrounding
sound is controlled by the dynamic model. Sounds
related to different events, such as collisions, the
use of motors, and so on, are played on the basis of
event information gathered from the simulation
model. The information of accelerations affecting
the operator is used in calculating reference values
for the motion platform. An inverse kinematic
model of the motion platform is required to map
the operator’s acceleration information from the
global coordinates to actuator positions and
velocities.

A control system is used to calculate the required
reference values for the hydraulic cylinders that are
used as actuators in the motion platform. The control
method is based on the position and velocity infor-
mation of the actuators. The information is calcu-
lated in the motion platform’s inverse kinematic
model. Control signals for valves are calculated
using this information and the measured position
values of the actuators. The control signals are then
transferred into regel valves as voltage signals via
the same I/O-interface as used in the measurement
of the actuator positions.

Because the simulator was intended for operator-
training purposes and might be operated by training
personnel without programming level computer
skills, the use of commercial software was required.
Commercial real-time environments are tested in
several applications and besides reliability, they
offer user interfaces that enable the modification of
operating parameters during simulation. The real-
time environment must also offer the possibility
to communicate with the real world, i.e. an I/0-
interface as well as an interface for visualization.
Commercial real-time systems usually also offer an
interface for graphical model development envi-
ronments, which allow the dynamic model to be
constructed combining block diagrams of basic
mathematical operations and C-language functions
for special purposes. These development environ-
ments also enable the use of tested numerical
solution algorithms, which is very important in
order to achieve a numerically stable real-time
solution.
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2 SIMULATION MODEL

The dynamic model of the crane consists of several
submodels. These submodels include the dynamic
models of the parts of the crane, a model detecting
collisions of the container and computing contact
forces, an environment model describing collision
planes, and electric motor models producing
forces, which move separate parts. The contact
forces caused by the spreader guide arms are also
included in order to model the fastening of the
container to the spreader more realistically. As the
dynamic model itself is modelled using Lagrange’s
method, it can be very easily divided into several
subcomponents that can be modelled separately.
This modular division makes it easier to develop,
administer, and test the correct operation of the
required mathematical functions. Modularity also
enables easier expansion of the model, if more pro-
perties or operations are required.

2.1 Dynamic model of the gantry crane

The gantry crane is divided into three rigid moving
bodies, the gantry, the trolley, and the spreader,
used to carry containers. The gantry moves along
the rails in the direction of the pier, so it has one
degree of freedom (DOF). The trolley moves along
the rails attached to the gantry perpendicular to the
pier, so it basically has one DOF. Nevertheless,
owing to the structural flexibility of the gantry, the
operator senses vertical accelerations while hoisting
or lowering the container, therefore another DOF is
required to model this direction of motion. The
spreader is attached to the trolley via cables and
has all six DOFs. The bodies of the dynamic model
of the gantry crane and the coordinate systems
attached to the bodies are presented in Fig. 3.

The model has a total of nine DOFs. Owing to pos-
sible singularities during numerical solutions, a more

stable behaviour can be achieved using more than
three rotational coordinates. In this case, four Euler
parameters were selected. As the four parameters
increase the DOFs, normalization constraint of
the coordinates is required [1-4]. The generalized
coordinates g that fully describe the DOFs of the
system can be expressed as

q= [Zg Xl Yl )(c YL Zc 90(: elc 02(; 03C]T = [RT 0T]T (1)
where

R= [Zg Xt Yt Xc YL ZC]T and 0= [000 010 020 OSC]T
2)

The normalization constraint equation of the Euler
parameters is

Clq=6"0—-1=0 3)

Using Lagrange’s method, it is possible to model the
connecting joints between separate bodies by using
constraint equations that describe joints between
bodies. However, the use of constraint equations
increases the size of matrices to be computed and
thereby decreases computational efficiency, which
is a very important aspect. Therefore, the rail contact
between the gantry and the pier is implemented by
giving the gantry just one DOF, which is in the direc-
tion of the rail. Similarly, the translational joint
between the gantry and the trolley is implemented
by giving the trolley only one DOF in the direction
of the joint. The second, vertical DOF is used to
model the structural flexibility of the gantry.

The solution of dynamics is based on Lagrange’s
equation of motion including constraints

Mg +CgA =0, +0, “)

which can be presented in numerically solvable form

M Cil[d]_[Q.+0
Pl R bl
Ay{
1A
W
.
X.
Z

Fig. 3 Coordinate systems of the dynamic model of the gantry crane
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where M is the mass matrix, G, the Jacobean matrix
of constraint equations, ¢ the vector of generalized
coordinate accelerations, A the vector of Lagrange
multipliers, Q. the vector of generalized forces, Q,
the quadratic inertia force vector, and Q. the vector
that includes the second differentials of constraints.
As can be seen, this form of equation provides a
natural way to divide the solution into subcompo-
nents, each of which includes one term of equation
(5). A more detailed description of the components
of equation (5) can be found from references, for
example [1-4].

In the case of the gantry crane simulator, the most
interesting component of equation (5) is the vector of
generalized forces and more accurately, the external
forces that are mapped to generalized forces. Gener-
alized forces are external forces that affect the gener-
alized coordinates of the system. However, forces
usually do not affect the origin point of the local
coordinate system of a body. Therefore, a transfer
from the force attachment point to the origin of the
local coordinate system is required [3]

Fir = Fi
~T
Fi, = —u;pFie

(6)

where F, is an external force acting in point P of body
i, defined in the global coordinate system. The
location of point P is defined in the global coordinate
system by vector u;p. Fir and F,, are forces and
moments related to translational and rotational
coordinates. As shown in equation (6), this mapping
causes moment effect on the rotational coordinates
of the body. As rotations are described using Euler
parameters, a mapping from the three-dimensional
space of global rotations to the four-dimensional
space of Euler parameters is required

Fio = G]Fj, (7

where matrix G; is a mapping from Euler parameter
velocities to global rotational velocities

o; = G0 8)
and G; is
—01 0 —03 O
Gi=2| —02 03 6o —0; 9)
—b3 —0p O Bio

Generalized forces can now be expressed as

no - T
Qi = [ 21 Fir Z] Fijo] (10)
= =

where 7y is the number of external forces acting in
body i.

The interconnection between separate bodies can
be expressed using external forces. The vertical con-
nection between the gantry and the trolley can be
implemented by using a spring force that depends
on the relative vertical position between trolley and
gantry. Control signals given by the operator are
used as reference signals for electric drives. On the
basis of the signal value and current velocity of a
drive, the value is calculated for an external force
affecting the body to which the drive is. Similarly,
gravity, rope forces, wind load forces, and collision
forces affecting the container can be taken into
account. The main work in constructing a dynamic
model is to form equations and furthermore numeri-
cal functions that can be used to define these forces.

2.2 Collision detection and contact modelling

Handling contacts between objects while avoiding
the interpenetration of two bodies is one of the
most important requirements of a realistic simu-
lation. Normally, two different types of contacts can
be considered. When two bodies move towards
each other at a certain velocity and at some point
come into contact with each other, there is collid-
ing contact. Another form of contact is called resting
contact. This is the case when the bodies are resting
on one another at some point. Interpenetration of
the bodies can be prevented by using contact
forces acting in the contact point. These forces can
only push the objects apart, not pull them.

Traditionally, there are three categories for the
methods of modelling contacts: the analytical [5],
the penalty [6], and the impulse methods [7]. In
this study, contacts are modelled using the penalty
method for interpenetration. The contact point can
be found by calculating distances between the
points and the surfaces of the colliding bodies.
Contact forces are obtained using a virtual spring—
damper element at the contact point. This is quite
a simple method, but the friction forces can also be
considered.

This method is not highly accurate but it serves its
purpose in this application. Because of real-time
application, it is important to use a computationally
efficient method. The method used does not allow
the exact specification of the moment of time of
collision and allows some interpenetration. The
computational algorithm of contact is quite simple.
Five collision planes are defined for each container
position. Every hard point position on the body is
checked for potential collision planes. If a collision
point is found, then the data of the collision are
written in the collision data structure. The collision
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data includes the penetration between the hard point
and the plane, the collision normal and tangent
vectors, the specification of the actual contact
point, and the relative velocity between the colliding
bodies [8].

Contact forces are solved using results obtained
from the collision detection algorithm. The direction
of the force at the contact point is perpendicular to
the contact plane. At the contact point, a virtual
spring—damper element is temporarily placed to
describe the contact force. Spring and damping
constants are defined on the basis of the elasticity
of the bodies. Friction forces are calculated using
the friction coefficient and the normal force affecting
the points of the body. The direction of the friction
force is opposite to the velocity of the tangent
contact front. When all forces caused by contact are
calculated, the resulting moments can be accounted
for. The algorithm used in handling contacts is
described in Fig. 4.

Generally, a plane can be defined using two unit
vectors # and v. The normal vector of the plane is a
cross-product of these vectors

n=uxv (11)

Distance between a point on the body P, and any
point on the plane Py, is

D = Uup, —lepl (12)

The closest distance between the point and the
plane is

d=D"n (13)

ontact force calculation

Collision detection

Calculate contact force in

normal direction

alculate distance betwed
point and plane

Calculate friction force in

tangential direction
Until all
collisions

are handled Account resulting moments

L

Apply contact forces

Calculate relative velocity

Calculate normal and tangent

vectors for collision

Calculate normal velocit
Until all

possible 1F<0
contacts are

handled Collision or contact detected
\—Save collision data

Calculate contact forces

Fig. 4 Algorithms used in the computation of collision
detection and contact forces

The relative velocity between two contact points is
Viel = Vb + Ap@ylp, — Vpi — ApiOdyilep, (14)

where v;, and v, are velocities of body b and plane pl,
Ay, and Ay, are transformation matrices, and , and
@, are skew-symmetric matrices of angular velo-
cities. Velocity in the direction of the normal of the
collision plane can be written as

Vin = V;Feln (15)

To obtain the direction of the friction force, the
tangent vector of the relative velocity on the plane
must be described as

t= (X V) X1 (16)
Normalization results

t
thorm = — (17)
|21

In the case of collision, the contact force affecting the
colliding bodies in the normal direction of the plane
can be written as a spring—damper element

F, = —(kd + cvp)n (18)

where k and c are spring and damping coefficients,
respectively. Friction forces are calculated in colli-
sion tangent plane as

F, = pF.t 19)

where u is the friction coefficient. The total contact
force at one contact point is now

Feone = Fy + Fp. (20)

2.3 Electric drive modelling

The gantry, the trolley, and the container can be
moved in the directions of their DOFs using transfer
forces produced by electric drives. The transfer force,
Frm, is calculated on the basis of the driving torque,
the total reduction ratio, and power transfer coeffi-
cient of transfer motor m. There are four motors in
the gantry, the trolley is operated using four motors
and the hoisting movement is implemented by
using another four motors. In the simulation
model, the forces affecting the gantry and the trolley
are simply calculated by multiplying the transfer
force of one motor by four. This is due to the fact
that these motors should have the same angular
velocity, based on the structure of the crane. Each
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motor is described as a function of the torque of
the motor and the angular velocity. The driving
torque output depends on the difference between
the required and achieved angular velocities. The
bigger this difference, the more the torque is used
to decrease it. The transfer force of a motor m can
be defined as

T,
Frp =0y = Cpom, m=1,....6 1)

where T, is the driving torque of the motor, i, the
total reduction ratio, n,,, the coefficient of the drive-
line which includes electric and driveline losses and
frictions of the motor and driveline, ¢, the damping
coefficient, and w,,, the angular velocity of the motor.
The driving torque of the motor, T},, can be written
as

Tm = min (Tm(wm)9 Trcfm) (22)

where Ty, (wy,) is the driving torque of the motor as
a function of the motor’s angular velocity and Tyepy
is the driving torque based on the difference between
the required and actual angular velocities

7 K, refm ™ - Tre m
Troin = m (Wref ®m) £ (23)

Tm

where K, is the amplification coefficient, wgy, the
required angular velocity of the motor, w,, the exist-
ing angular velocity, and 7, the time constant.
The value for the amplification coefficient K, can
be described using the graph of the torque of the
motor. The value for the time constant 7, is found
out by trying different values until the performance
of the motor is fast enough.

2.4 Spreader guide arm modelling

Spreader guide arms, Fig. 5, are used to ease the
fastening of the container onto the spreader. Because

Fig. 5 Spreader guide arms

of the structure of the locking mechanism, the
spreader must be positioned within the accuracy of
centimetres into the correct position above the
container, before the actual locking procedure is
enabled. The spreader is a long distance from the
operator and attached to ropes, which might cause
serious problems and slow down the work. When
spreader guide arms are in the reach of the container,
they are lowered and used to restrict the movement
of the spreader.

In this case, the spreader has six guide arms, posi-
tioned as shown in Fig. 6. The control of the arms is
carried out so that arms one and two are operated
simultaneously, arms three and four are separately
operated simultaneously, and arms five and six
separately. The upward positioning of all arms is
operated simultaneously.

The guide arm actuation is modelled by the driving
torque that affects the rotational acceleration of
arm a

éa:T‘°‘“, a=1,...,6 (24)
Ja

where J, is the inertia of the arm and T, is the total
driving torque affecting the arm. The total driving
torque consists of the torque of the motor operating
the guide arm and the torque caused by contact to
the container or to the stop bar in both extreme
positions

Tiota = Tag — Tea (25)
The driving torque of the motor can be expressed as

T = Ka(breru — 6a) = Cabla (26)
where K, is the amplification coefficient of the motor
driving arm a, ¢, the damping coefficient, and e,
the reference value for the guide arm angle. The
reference value for the guide arm angle is either
7/2 or —m/2 depending on the desired position,
up- or downwards. The contact torque related to

the extreme positions is

Tea = kea(0g + Orera) (27)

[1] [2]
H 6]
3] 4]

Fig. 6 Spreader guide arm positioning
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Fig. 7 Spreader guide arm contact variables

This torque is calculated only if the arm is in contact
with the stop bar. In the case of contact with the
container, the contact torque is

Tea = kea(0a — ag) (28)

where «, is the contact angle of the guide arm, pre-
sented in Fig. 7. The coordinate axis W, is either
the X- or Z-axis of the arm joint coordinate, depend-
ing on the possible contact direction of the arm.
The external force affecting the spreader because of
contact to the container is

Farms:[FX Fy FZ]T
=[A+FR+FB+F 0 F+F] (29)

where the contact force F, of each arm depends on
the contact torque T, and the contact length of the
arm I,

F, = (30)

2.5 Implementation and numerical solution

Owing to the demand of commercial software and
hardware environments, the selection of imple-
mentation environments was restricted to available
real-time systems. Interfaces with modelling envi-
ronments, as well as visualization capabilities, were
considered during the selection. After a suitability
analysis, the RT-LAB system made by Opal-RT was
selected. The main reasons were the possibility to
increase computing power by updating standard
PC-hardware and interfaces with Matlab/Simulink
and WorldUp-visualization software. The possibility

to use Matlab/Simulink also offered an interface to
the I/0-system.

The use of Simulink software enables the graphic
modelling of the system, using standard blocks
from the Simulink library. More complicated sub-
models can be written in ANSI-C and linked to
the model. Matlab Real-Time Workshop enables
the translation of the combined Simulink and
C-language model into C-code for the RT-LAB
simulation. In the solution of the equation of
motion, equation (5), a fourth order Runge—Kutta
solver was used with a time step of 0.005 s.

To ensure the numerical stability of the solution,
a constraint stabilization method was used. As there
is only one constraint, there should be no problems.
However, to make sure, Baumgarte’s stabilization
method [9] was used. Baumgarte’s stabilization was
chosen, because it is computationally efficient, easy
to implement, and works quite well, except near
kinematic singularities [10]. However, the selection
of suitable coefficients required in the algorithm
may cause problems [11]. The coefficients required
in the stabilization algorithm were selected on the
basis of reference [11].

3 EVALUATION OF MODEL

To ensure the correct functionality of the real-time
simulation model, the simulation results of the
real-time model were compared with the results
of off-line simulation results computed using com-
mercial mechanism dynamic simulation program
ADAMS. Figures 8 to 10 present comparison of
trolley X-coordinate, container Y-coordinate, and
container Z-coordinate, respectively. The test
work cycle of off-line simulation is controlled
using the control signal recorded from real-time
simulation work cycle. As can be seen, there is a
small difference in every coordinate. This is due
to different numerical solution methods used in
real-time and off-line simulation. If there is no sol-
ution inside the preset error tolerance, the off-line
simulation tries new solution with smaller time
step, whereas this is not an option in real-time
simulation.

In the start-up of the system, there were a couple
of professional gantry crane operators testing the
systems. Because there were some unknown para-
meters, the expertise of the operators was used to
set the parameter values so that the feedback of the
system was correct. This is an important point as
the simulator is used in training purposes and thus
must give correct visual and acceleration feedback
to operator.
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Fig. 8 Comparison of trolley X-coordinate
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Fig. 9 Comparison of container Y-coordinate

4 IMPLEMENTATION ENVIRONMENT

As a real-time solution is required, the computer
environment should enable sufficient numerical
efficiency for the solution of the dynamic model.
Furthermore, the control of the I/0-interface and
the computation of control algorithms must be
done simultaneously. These are the most important
aspects related to the core of the simulator. Less
important aspects, in the viewpoint of the accuracy
of real-time functionality, are the control of the
simulation and simulation parameters, visualization,
and the control of the surrounding sound.

The visualization is carried out using WorldUp-
visualization software. To achieve a realistic result,
the virtual harbour environment is built using
photo material from an existing harbour, crane,
and ships as well as a few types of containers. The
required coordinate information of the bodies is
transferred from the target PC to the command
station via the Ethernet connection. In WorldUp,
the coordinate information required to position
bodies is connected to movable objects using
WorldUp BasicScript language. All the graphics
were modelled separately using three-dimensional
Studio Max software and then imported to the virtual
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Fig. 10 Comparison of container Z-coordinate

harbour. The use of separate programs during devel-
opment process is presented in Fig. 11.

As there is a natural division into two categories
of real-time performance, it is logical to divide
these tasks between two separate computers. This
is exactly how the simulator computer environment
is implemented. The basic idea of the RT-LAB real-
time simulation is to distribute computational simu-
lation tasks across a cluster of computers, Fig. 12.
The RT-LAB real-time system configuration used in
the study includes two PCs. One PC is equipped
with the Windows 2000 operating system and is
called the command station. The other computer,
the target PC, solves the dynamic model in real-
time. The target PC is working under the QNX
real-time operating system [12]. Because the timing
of I/0-functions is important, the I/O-interface is
connected to the target computer. Simulation is
controlled through a command station and the

Dynamic model Visualisation model

Matlab/Simulink 3D studio Max
Matlab Real-Time WorldUp
‘Workshop
Executable real- WorldUp player
time model visualisation model

Fig. 11 Programs used during development

trainer of the crane operator can control the simu-
lator and modify the simulation parameters during
the training using command station. The command
station also does the necessary computation for visu-
alization and surrounding sound. The communi-
cation between computers is established using
Ethernet. Some examples of different views inside
the virtual harbour are presented in Figs 13(c) and
(d). The view from the cockpit mounted on the
motion platform can be seen in Figs 13(a) and (b).

The physical simulator environment is in a venti-
lated room. The room is painted with non-reflective
colours so that the projected view can be seen
more clearly and the outside world fades from
sight. The view is projected obliquely forward to
the motion platform, as shown in Fig. 14. The projec-
tion is done using a mirror attached to the floor and
the operator sees the view on a transparent screen.
This enables the positioning of the projector so that
there will be no shadows caused by the structures
of the motion platform.

5 CONCLUSIONS

Real-time simulators have several advantages com-
pared with traditional operator training. The machine
capacity is not tied to training and can be used in
productive work. The use of simulators enables train-
ing for situations that can cause severe damage to the
operator or environment. These are the most import-
ant situations for which the operator should be
trained. However, they cannot be included in tra-
ditional training procedures. Simulators also guaran-
tee similar training conditions for all trainees and
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Gantry crane simulator computer configuration

enable a great variety of environmental conditions to
be taken into account.
Real-time training simulators consist of several

separate

components

Fig. 13

and

require

technical

knowledge of several fields. Besides computer skills,
the simulator development group must have good
skills in machine dynamics, hydraulics, control theory,

visualization,

machine automation, and so on.

(a and b) View from simulator cockpit and (c and d) some details of virtual harbour
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Fig. 14 Positioning of visualization equipment

One main problem in simulator development is
the interfaces between these fields. For example, as
simple a thing as coordinate systems or units can
cause serious problems if they are not specified in
an early enough phase of the project. The exact defi-
nitions require that the positions of the coordinate
systems, the positive rotation directions as well as
the units used, and the architecture of data trans-
ferred from one entity to another are specified. Inter-
faces should also be defined in a way that enables
their expansion, for example, if parts or DOFs are
increased, which affects the amount of motion data.

The correct user feedback from the motion
platform depends greatly on the tuning of the con-
troller parameters. This must be done using test
operators that have a strong background on operat-
ing the machine in question. It is possible to tune
the controllers on a way that makes the motions
feel very unrealistic and the accelerations easily
become very much rapid. To ensure the correct
acceleration rates, it is necessary to build accurate
inverse kinematic models of the motion platform.
These models must also include the solution of
inverse accelerations or velocities to be used in the
closed control loop of the motion platform.

In more complicated simulators that have more
DOFs, a more general and computationally efficient
modelling method is required. Rotational DOFs can
be easily omitted if bodies only move translationally
relative to each other. If rotational movement is
required, all six DOFs must be considered. Using
recursive modelling methods that take system top-
ology into account, more efficient and general
modelling procedures, especially for open chain
structures, can be achieved [13-15].

As a result of this project, a functional real-time
gantry crane simulator for crane operator training
was built. Time will tell how much it will help in

operator education. Reports from other simulator
training sites inform that operators trained with
simulators can work at nearly normal loading speed
after training, whereas operators trained with con-
ventional methods may need several years before
they are able to work at normal loading speed.
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APPENDIX

Notation

A transformation matrix of body i

c damping coefficient

Ca damping coefficient of guide arm a motor

Cm damping coefficient of motor m

C constraint equation

Cq constraint Jacobian matrix

d closest distance between point and plane

D distance between two points

Frm transfer force of a motor

Fx force in global X-direction

Fy force in global Y-direction

F, force in global Z-direction

Farms guide arm force vector affecting to spreader

Feont total contact force

F; external force acting in body i

Fr translational generalized force acting in
body i

F,, rotational generalized force acting in body i

F;y rotational generalized force related to Euler
parameters acting in body i

E, contact force in normal direction

F. friction force

G; rotational velocity mapping matrix of
body i

Tiotm total reduction ratio of motor m

Ja inertia of guide arm a

k spring constant

Kea spring constant of guide arm a contact

K, amplification coefficient of guide arm a
motor

Ky amplification coefficient of motor m

lea contact length of guide arm a

m number of motors

M mass matrix

normal vector of a plane

position of point P

vector of translational coordinates
vector of generalized coordinates
vector of second differentials of
constraints

vector of generalized forces

vector of quadratic velocity inertia terms
tangent vector

normalized tangent vector

driving torque of guide arm a

contact torque of guide arm a

driving torque of motor m

reference torque of motor m

total driving torque of guide arm a
unit vector

location of point P in global coordinate
system of body i

unit vector

velocity of point P

relative velocity of two points

velocity in the direction of collision plane
container X-coordinate

trolley X-coordinate

trolley Y-coordinate

container Y-coordinate

container Z-coordinate

gantry Z-coordinate

contact angle of guide arm a
vector of Lagrange multipliers
coefficient of driveline m
vector of Euler parameters
container Euler parameter
container Euler parameter
container Euler parameter
container Euler parameter
angle of guide arm a
reference angle of guide arm a
time constant of motor m
angular velocity of motor m
angular velocity vector of body
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