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Direct Sensitivity Analysis of Spatial Multibody Systems with Joint

Friction

Adwait D. Verulkar

(ABSTRACT)

Sensitivity analysis is one of the most prominent gradient based optimization techniques for
mechanical systems. Model sensitivities are the derivatives of the generalized coordinates
defining the motion of the system in time with respect to the system design parameters.
These sensitivities can be calculated using finite differences, but the accuracy and compu-
tational inefficiency of this method limits its use. Hence, the methodologies of direct and
adjoint sensitivity analysis have gained prominence. Recent research has presented compu-
tationally efficient methodologies for both direct and adjoint sensitivity analysis of complex
multibody dynamic systems. Multibody formulations with joint friction were developed in
the recent years and these systems have to be modeled by highly non-linear differential
algebraic equations (DAEs) that are difficult to solve using numerical methods. The sen-
sitivity analysis of such systems and the subsequent design optimization is a novel area of
research that has been explored in this work. The contribution of this work is in the devel-
opment of the analytical methods for computation of sensitivities for the most commonly
used multibody formulations incorporated with joint friction. Two different friction models
have been studied, capable of emulating behaviors of stiction (static friction), sliding friction
and viscous drag. A case study has been conducted on a spatial slider-crank mechanism to
illustrate the application of this methodology to real-world systems. The Brown and McPhee
friction model has been implemented using an index-1 formulation for computation of the

dynamics and sensitivities in this case study. The effect of friction on the dynamics and



model sensitivities has been analyzed by comparing the sensitivities of slider velocity with
respect to the design parameters of crank length, rod length, and the parameters defining
the friction model. Due to the highly non-linear nature of friction, it can be concluded
that the model dynamics are more sensitive during the transition phases, where the friction

coefficient changes from static to dynamic and vice versa.
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Friction

Adwait D. Verulkar

(GENERAL AUDIENCE ABSTRACT)

Mechanisms have been in existence since the earliest days of technology and are more relevant
than ever in this age of robotics, artificial intelligence and space exploration. Innovations like
myoelectric and neural prosthetics, legged robotics, robotic surgeries, advanced manufactur-
ing, extra-terrestrial vehicles and so on are the modern day manifestations of the traditional
mechanisms that formed the backbone of the industrial revolution. All of these innovations
implement precision controlled multibody dynamic systems as part of their function. This
thesis explores the modelling of such dynamic systems using different mathematical formu-
lations. The contribution of this work is the incorporation of friction in the formulation of
such systems. The performance of any dynamical system depends on certain parameters,
which can be optimized to meet a certain objective criteria. This is achieved by performing
a sensitivity analysis with respect to those parameters on the mathematical formulation of
the mechanism. The derivation of this approach has been explored in this thesis. For the
benefit of the reader, the application of this method has been discussed using a case study

of a simple 3-dimensional slider crank mechanism.
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Chapter 1

Introduction

1.1 Background

There was a profound contribution to the field of dynamics by Sir Isaac Newton in the 17"
century when he laid down the very foundations of modern Physics in his book "Philosophiae
Naturalis Principia Mathematica’ [70]. Several paradigms of engineering and mathematics
would not have existed, had it not been for his invention of calculus. Over centuries, mathe-
maticians like Jean d’Alembert [28], Leonhard Euler [33] and Joseph-Louis Lagrange [58, 59
created the analytical foundation for the field of mechanical system dynamics that is rele-
vant even today. Although, the mathematical foundation for multibody dynamics had been
around since late 17" century, most mechanisms were relatively simple up until the turn
of the 20" century. This was largely attributed to the fact that synthesis of mechanisms
was done primarily through engineering graphics and manual calculations, and since the
equations were highly nonlinear in nature, this was an extraordinary challenge. The solution
techniques for these systems were developed mostly at the end of the 20" century, thanks
to the rise of digital computers. Multibody dynamics has since grown into a standalone

engineering discipline with an evergrowing community of active researchers.

From the onset of 215 century, the research in multibody dynamics shifted to modeling
of real systems. Real multibody systems are characterized by several non-linearities, like

joint friction, lubricated joints, joints with clearances and systems which have discontinuous
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velocity trajectories (hybrid dynamical systems). This research essentially addresses the
sensitivity analysis of a subset of such real multibody systems. Before going into the details

of this work, some fundamentals related to multibody dynamic systems will be discussed.

A multibody system has been defined as a collection of physical bodies that allow relative
motion subject to kinematic and dynamic constraints. A wide variety of mechanical systems
fall in this definition, ranging from agricultural and construction equipments, robots and
manipulators, vehicle systems, machine tools and so on. The motion of these systems, as
stated earlier, is governed by equations that depend on the kinematic constraints and exter-
nally applied forces and torques. The equations are highly nonlinear in nature and have been
traditionally expressed using differential-algebraic formulations (DAESs) involving Lagrange
multipliers. However, recently the ordinary differential formulations (ODEs) have become
more popular, owing to their computational efficiency, although at the cost of modeling

complexity.

A typical mechanical system comprises of links, that may be rigid or compliant. These links
are connected with joints, such as revolute, spherical, translational and so on, to constrain
the unwanted degrees of freedom of the links and create a useful transformation of the input
motion to the desired output motion. These joint constraints are classified as holonomic if
they constrain the relative positions of links. Any constraint other than these are deemed as
non-holonomic constraints. Non-holonomic constraints include, but are not limited to, veloc-
ity constraints and constraints with inequalities. Time-independent holonomic constraints
are called scleronomic constraints and those which include time are called rheonomic con-
straints. These mechanical systems are typically acted on by external forces, such as control
effort in the form of electronic and hydraulic actuators, or other external forces such as
friction, elastic forces through coil springs, leaf springs and tires, damping forces through

dashpots, lubrication and shock absorbers and almost universally by gravitational forces.
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Computational kinematics and dynamics is a subset of the field of multibody dynamics that
involves solution of the governing equations of a given mechanical system through numerical
algorithms and consequently generating a time history of the system under consideration.
Typical multibody dynamics software packages, such as MSC Adams, Siemens, Hyperworks
and MBSVT to name a few, handle various tasks such as data manipulation, data validation,
model creation and assembly, numerical integration and also sensitivity analysis. Compu-
tational kinematics and dynamics is often compared with finite element analysis (FEA),
however, there are several fundamental differences. If the links of the multibody system
being considered are rigid, the simulation ignores the strains caused in the links due to this
motion since their magnitude is insignificant in comparison. It is only the case for flexible
multibody systems that the strains in the links have a substantial impact on the dynamics.
In both cases, however, the magnitude of overall system motion is large in comparison to the
strains in the links. The main objective of such a simulation, is to determine if the system is
performing the required motion under the action of input forces. A finite element simulation
on the other hand, involves displacements that are small compared to the overall dimensions
of the body and the primary concern of the engineer is failure analysis. Exceptional cases of
FEA, where the deformations involved are large, such as those in non-linear explicit dynamics
simulations like crash tests, can in theory, be used to simulate multibody dynamics. How-
ever, this would be an enormous waste of computational resources since the time required
for such simulations is usually quite high as compared to the time history being computed.
Since the sizes of matrices involved in multibody dynamics is smaller than those in FEA by
several orders of magnitude, the computational time is required is lesser. Moreover, it is not
just a question of nonlinear large deformations. Special FEA formulations are required to
simulate multibody dynamics because the problem is to have a formulation consistent with
the joint motion. For example, a rigid body rotation should not induce any strains in the

flexible bodies of the system which does not happen with the usual FEA formulations.
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1.2 Motivation and Research Objective

In recent years, multibody dynamics has evolved into a crucial tool of synthesis and design of
mechanical systems, having applications in a myriad of fields such as automotive, aerospace,
robotics and industrial automation, control and parameter estimation. The current state-
of-art research in the field of multibody dynamics is focused on topics like modeling and
simulation of hybrid dynamic systems, flexible multibody systems, bio-mechanical systems
and rehabilitation, modeling of systems with non-ideal joints such as those with clearances
and friction, and optimization of dynamic perfomance with respect to the design parameters .
Sensitivity analysis has been one of the most popular gradient-based methodology for design
optimization since quite some time. The techniques deployed most frequently are the direct
sensitivity approach and the adjoint sensitivity approach. The adjoint sensitivity approach
was first presented by Haug and Arora [49] in 1978 and this approach was extended towards
constrained dynamic systems in 1984 by Haug et. al. [43]. The direct sensitivity approach

for constrained dynamic systems was developed by Krishnaswami and Bhatti [56].

The objective of this thesis is the incorporation of joint friction in the dynamic formulations
of multibody systems and the development of analytical methods for computation of model
sensitivities through direct differentiation. In the following sections a brief history of multi-
body dynamics is provided. This helps one understand the reasoning behind the development
of the various mathematical formulations for multibody dynamics in the late 20" century.
Multibody formulations with joint friction were developed very recently. These systems have
to be modeled by highly non-linear differential algebraic equations (DAEs) that are difficult
to solve using explicit methods. The sensitivity analysis of such systems and the subsequent
design optimization is a novel area of research that has been explored in this work. The an-

alytical methods for computation of sensitivities have been derived for the most commonly
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used multibody formulations incorporated with joint friction. Thereafter, a review of the
various friction models applicable for multibody dynamic studies is presented. Two different
friction models have been studied, capable of emulating behaviors of stiction (static friction),
sliding friction and viscous drag. Finally, the current state-of-the-art research in sensitivity

analysis of multibody systems is given.

1.3 A Review of Multibody System Formulations

The pivotal literary contributions to the field of multibody dynamics were written in the
1970s and 1980s. The 1977 IUTAM Symposium on Dynamics of Multibody Systems is consid-
ered the first major gathering of researchers working in this domain [65]. In the subsequent
years, several other gatherings took place, most of notable of which were gathering that
took place in 1983 hosted by NATO Advanced Study Institute [45], the 1985 Symposium on
“Dynamics of Multibody Systems” [10], and another in Dordrecht in 1992 [83] . A series of
workshops were also hosted by the German Aerospace Establishment at Oberphaffenhofen in
the late 1980s and early 1990s. These events brought about a monumental transformation in
the field of multibody dynamics. Until this points, the researchers in this field were working
independently and their knowledge was not being shared throughout the community. Devel-
opments in numerical simulations and the subsequent improvements in the computational
efficiencies were fundamental to furthering the progress of multibody dynamics. Many tech-
niques used today, such as relative and absolute coordinate frames, symbolic computation,
sparse matrix computation and the variety of numerical integration methods were developed
in this last quarter of the 20 century [81]. By the turn of the century, the first conference

on multibody dynamics in the eastern part of the globe took place in 2002.

A brief history of the multibody formulations and the derivations of the classical formulations
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has been summarized by Schiehlen [82, 84]. The simplest and most common formulation is
given in the generalized coordinate system by using the Lagrange’s equations which results

in a set of differential algebraic equations given by Equation (1.1).

Mg + ®A = Q (1.1a)

=0 (1.1b)

Generalized coordinates are also called as dependent or global Cartesian coordinates in
literature. The formulation resulting from these coordinates is known as Index-3, since the
system of equations need to be differentiated thrice in order to reach an ordinary differential
equation formulation. This concept of index of a DAE system is better explained by Lotstedt
and Petzold [62, 79]. The number of generalized coordinates is typically denoted by n and
the number of constraint equations is denoted by m. For a spatial system modeled using
point coordinates with Euler parameters or quaternions for rotation, n = 7nb, where nb
denotes the number of individual bodies of a system. Index-3 formulation can be converted
to Index-2 and more importantly Index-1 formulation for numerical solution. Multibody
systems modeled by Lagrange’s equations are known as redundant formulations as there are
more states than the number of equations of motion. The remaining states, which arise
from the Lagrange multiplier theorem, are the result of the constraint equations. Solution
of Index-3 systems is possible through ”divide and conquer” techniques [23] but it cannot be
solved using a simple matrix inversion. Index-1 formulation can be solved by matrix inversion
which is an improvement over the recursive techniques. However, index-1 formulations of
multibody systems have a double zero eigenvalue due to differentiation of the constraints
and hence are numerically unstable [84]. If explicit integration methods are used to obtain
the velocities and the generalized coordinates from the accelerations in index-1 formulations,

then the constant numerical errors generated in the acceleration constraints creates an error
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in the constraint equations which grows quadratically in time. Baumgarte [5] provided
stabilization techniques to curb the error propogation and subsequent constraint violation.

Nikravesh presents the application of Baumgarte stabilization to index-1 formulation [72].

Although numerical techniques were being discussed to address the disadvantages of La-
grange based multibody formulations, new approaches targeting the elimination of the La-
grange multipliers altogether were also developed. Index-1 formulation can be represented as
a second-order ODE if the Lagrange multipliers are precomputed using the constraint Jaco-
bian. Equation (1.2) computes the Lagrange multipliers as a function of external generalized

forces F¢*!| inertia matrix M and the constraint Jacobian.

A=— (BM'®L) 7 (c — &M F) (1.2)

Substituting Equation (1.2) in the index-1 formulation gives a second-order ODE form of
the index-1 formulation. This equation can be solved if and only if M is non-singular and
®, has full row rank. These equations have been presented several times in the literature
[40, 51, 61, 62]. It is also possible to convert index-1 formulation to a system of ODEs
by pre-multiplying both sides of Equation (3.6) by a matrix I'" which spans null space of
the constraint Jacobian matrix ®4. In other words I' € R"*"™™ is the orthonormal basis
of @4 and ®,I' = 0. This eliminates the Lagrange multipliers and yields a formulation
which is aptly known as the null-space formulation. This formulation is equivalent to Kane’s
equations [52, 53] and have been derived by de Jalon et al. [38]. The review paper on

constrained dynamical system by Unda is also a great read on this topic [91].

Multibody systems are constrained dynamical systems, which means that they have cer-
tain predetermined degrees of freedom. These degrees of freedoms can be represented by

something known as independent coordinates. These formulations were known as minimal
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coordinate formulations, since they resulted in ordinary differential equations where the
number of states were exactly equal to the number of equations being solved. Most of these
formulations were based on Maggi’s equations [63, 64]. The equations were originally pub-
lished at end of the 19*® century and were translated in English by Neimark and Fufaev [69].
The elimination of Lagrange multipliers in the equations of motion for constrained dynami-
cal systems by using Maggi’s equations was shown by Kurdila et. al. [57]. Since constraint
forces depend on Lagrange multipliers, a means to calculate the constraint forces in Maggi’s
formulation for multibody dynamics was presented by Papastavridis [76]. In Maggi’s formu-
lation, the appropriate choice of the independent coordinate for the dynamic system is the
responsibility of the engineer. However, this is not a trivial task. There are three primary
reasons as pointed out by Laulusa and Bauchau. Jalon et al. tried to address this issue in

their relatively recent paper on the solution of the Maggi’s equations [39].

There is a debate in the multibody dynamics community on which formulation should be used
for modeling the system at hand. Lagrange’s equations are easy to derive and understand,
but give rise to redundant states. However, the matrices involved in Lagrange’s equation
can utilize sparse matrix optimizations. Maggi’s equations are difficult to derive and the
matrices involved, viz. the null space I' and the right inverse of the constraint Jacobian, are
expensive to compute. The main advantage of Maggi’s equations is not in the reduction of
the states, but in the change of the nature of equations from differential algebraic equations
to ordinary differntial equations. All formulations in minimal coordinates are variants of
the Maggi’s formulation and differ in the way in which the null space I' is computed. These
include singular value decomposition, LU factorization and so on. A more detailed discussion

on the comparative study of ODE versus DAE formulations has been presented in [60].

Another formulation that is relatively popular is the modified Lagrangian formulation pre-

sented in 1988 by Bayo et al. [8]. This formulation is an n-state ODE formulation in
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generalized Cartesian coordinates. The authors present a means to accommodate the con-
straint equations directly in the equations of motion using a penalty formulation, instead of
appending them using Lagrange multipliers. The proposed method is very versatile, with
capabilities to model both holonomic and non-holonomic constraints. Additionally, this
formulation performs well even for redundant constraints and systems exhibiting kinematic
bifurcations or singularities. The price for this versatility is paid in the fact that it is an
approximate formulation. It does not satisfy any of the constraint conditions in their ana-
lytical form, however decent accuracy can be achieved numerically if the penalty factors «
have a proportionately large magnitude and appropriate values for damping & and natural

frequency w are chosen. This formulation will be discussed in detail in Chapters 3 and 4.

Despite the several advantages of penalty formulations, in practice it is rarely used in its
standard form. In the same paper [8], where Bayo et al. present the penalty formulation,
a numerical conditioning method is applied to get better accuracy in the satisfaction of the
constraints without the need to choose large penalty factors. While large penalty factors
yield good accuracy, this benefit is offset by the numerical errors generated due to large
number computations, such as loss-of-significance and round-off errors. Bayo proposed the
augmented Lagrangian technique used in optimization studies to converge the Lagrange
multipliers to a certain tolerance. This is leads to an iterative formulation penalty formula-
tion, where the convergence loop is interlaced within the integration loop for the dynamics.
This method is known as the penalty-augmented Lagrangian formulation. A few years later,
in 1996, Bayo and Ledesma proposed the augmented Lagrangian index-3 formulation with
mass-orthogonal projection of states, velocities and accelerations. This formulation is based
on the penalty-augmented formulation. The satisfaction of the constraint equations and its
first and second order derivatives in time is difficult to achieve in the penalty-augmented

formulation as it tries to satisfy the function ® 4 26w® + w?® = 0. However, Bayo and
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Ledesma used mass-orthogonal projections to obtain better estimates of the states, veloci-
ties and accelerations from the approximate solutions of the penalty-augmented formulation.
This formulation is known as the Augmented Lagrangian Index-3 formulation with orthog-
onal Projections (ALI3-P). This formulation has been discussed in Chapters 3 and 4 with a

more general form of the projections.

The most important formulations were discussed. For other formulations the reader is di-
rected to the literature by Laulusa and Bauchau [60], and Nikravesh [71]. A summary of the

various multibody formulations has been provided in Fig. 1.1.

Multibody Formulations

-
Redundant (DAESs) Hybrid/Mixed (ODEs) Minimal (ODEs)

Index-3 Index-2 Index-1 Penalty Index-1 Null Space UKEF [90] Maggi

Figure 1.1: Classification of multibody formulations.

In addition to the development of the various multibody formulations, there has been research
in other aspects of multibody systems, such as those with discontinuities in their velocity and
acceleration trajectories, flexible multibody systems and systems with imperfect joints. The
first two aspects of multibody dynamics are out of the scope of this work, however systems
with imperfect joints is the main focus. For the discussion on hybrid dynamical multibody
systems, the reader is referred to the references [20, 21, 22, 67]. The review paper by
Shabana is an overview of flexible multibody systems and presents the various methodologies
developed for such systems [85]. Coming back to imperfect joints in multibody systems, there
might be a variety of reasons that lead to the deviation of the joint performance from the ideal

behavior. These imperfections may include things such as joint clearances [34, 74|, which
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may be unintentional due to wear or intentional due to backlash or to provide clearance for
hydrodynamic lubrication. In fact, lubrication in general deviates the performance of a joint
from the ideal due to viscous drag [35]. The imperfection that is the focus of this work is
joint friction. There has been some work on this topic in the late 1980s in the form a series
of papers where the theory of constraint addition and deletion was presented [50, 95, 96].
Over the years, there was progress made on this topic [36, 88] but efficient and generalized
formulations for joint friction were not described. The recent developments by Pennestri et
al. [77] which presents the formulation for multibody dynamics of planar systems with Dahl
friction and Blumentals et al. [15] have shown a lot of promise. Other recent works include
the papers by Wojtyra and Harleck [42, 94]. This work is primarily based on the formulation
presented by Haug [48] where he uses the Brown-McPhee friction model to simulate joint

friction in multibody dynamic systems.

1.4 A Review of Friction Models for Multibody Sys-

tems

Substantial work has been done on the development of friction models over the last 5 centuries
[66], yet not a single mathematical model has been developed that can conclusively model this
phenomenon [9]. This can be attributed to its dependence on a large number and variety
of parameters. The most significant of these being the relative roughness and stickiness
of the surfaces in contact and the magnitude of the normal force acting between those
surfaces. This surface roughness is not to be confused with the coefficient of friction, since
the coefficient of friction is a cumulative measure of the amount of friction force that can
be generated with a certain amount of normal force for two surfaces in contact. The other

parameters such as sliding speed, surface temperature, humidity and materials also play key
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roles. Surface temperature, for example, plays a huge role in automotive braking systems,
and is the dominant factor contributing to the brake fading phenomenon commonly seen in
auto racing. Not only does friction depend on the physical parameters of the system, it also
depends on the nature of the contact itself. Friction for sliding contacts is very different than
friction for rolling contacts. Lubrication also plays a key role, as it fundamentally alters the

nature of friction between two surfaces.

Berger points out very acutely in his review paper [9] that the friction model being used
should be appropriate for the dynamic model of the system. These two models cannot be
chosen independent of each other. For example, a system that has been modeled with a
highly accurate representation of the surface interaction, such as normal force variations,
sliding velocities and so on, will fail to predict the behavior of the system if the friction
model being used is too simplistic. Same is the case the other way around. A highly complex
friction model capable of modeling microscopic asperities and time dependent characteristics,
requires an equally complex system model. In other words, if the sensitivity of the system

dynamics to the friction parameters is small, a simpler friction model can be chosen.

Broadly, friction is modeled either as a continuous time phenomenon which is used in me-
chanics related problems or as a discrete time phenomenon which is used in control related
problems. For effective control of mechanical systems, it becomes necessary to estimate
friction in the system model. Hence, it is required that the friction models used for control
applications be easy to implement within the system dynamics. Ideally, it is preferred if the
friction model is continuous across the friction regimes (sticking and sliding) and the model
is non-stiff, differentiable and integrable. Moreover, the parameters used in the model should
have physical significance and be easy to measure/estimate. If the friction model is contin-
uous in time and has Lipschitz continuity in the systems states, it is possible to implement

it within the system dynamics using the theory of hybrid systems [23].
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For nearly 2 centuries, friction was modeled using the formulation proposed by Coulumb
in 1785. The model gave a range of values for zero relative velocity and a constant value
for non-zero relative velocities. The sign of the friction was decided based on the fact that
friction always acts in a direction so as to resist relative motion. In 1968, P. Dahl [26],
observed that small amplitude input forces also faced a reaction by elastic restoring forces.
He theorized that the macroscopic friction we observe in real life is just a manifestation if
the microscopic interactions and bonds formed between two contact surfaces. Unlike the
Coulumb friction model, Dahl thought of friction as a stress-strain like behavior in material
deformation tests. This idea was conveyed by Dahl by proposing a model that assumes
two bodies making contact through bristles, similar to a brush. The transition from static
to kinetic friction is similar to the transition from elastic to plastic deformation in ductile

materials. This analogy works perfectly, as explained below:

1. The static friction regime can be related to elastic deformation of the bonds and hence

upon removal of the applied force, the bonds return to their original state.

2. The transition regime from static to dynamic friction can be thought of as a plastic
deformation, where there is some hysteresis and the bonds do not return exactly to

their original states.

3. Finally the dynamic friction regime is analogous to fracture of the material, since the
bonds that are responsible for friction have eventually broken as the applied load is
higher than the amount which can be supported by the bonds. This regime is when

there is a constant shearing of the friction bonds.

There are multibody formulations which have incorporated the Dahl friction model [77].
Later, improvements were made to this model by Wit et al. [18] in 1995 as several models

started to emphasize the importance of velocity effects, which are extremely important in
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systems involving lubricated surfaces. There were two prominent limitations to the Dahl
model namely, it was a purely displacement based model and it did not account for the
fact the the load required to cause initial displacement of a body is always higher than that
required to sustain motion. Wit et al. model, which was created within a research collabora-
tion between the Lund Institute of Technology (Sweden) and the Laboratoire d’ Automatique
de Grenoble (France), incorporated many behaviors of friction observed in experiments. The
friction model, that is more commonly known as LuGre model is a very versatile model ca-
pable of simulating the velocity and acceleration dependence of sliding friction, hysterisis
effects and pre-slip displacements. LuGre model also reproduces the Stribeck effect, which
is a non-linear dependence of friction on the relative velocity of the sliding surfaces. For a
finite velocity regime, the surface friction decreases with an increase in the sliding velocity.
Beyond a certain threshold however, friction starts increasing if the sliding velocity keeps
growing larger. This accuracy of the LuGre model however, comes at the cost of the model
complexity, as this is a 6 parameter model. Despite this drawback, the LuGre model for
friction is widely accepted in the controls community as it is very suitable for applications
requiring accurate macroscopic friction behavior but are not concerned with the finer de-
tails of interface response. Other models suitable for control of dynamical systems are the
Armstrong-Hélouvry model [2]. This model is a predecessor of the LuGre model and it in-
troduced temporal dependency of friction and the Stribeck effect. However, the pre-sliding
displacement phenomenon is described by a separate equation. Thus, it is required to intro-
duce a mechanism in the simulation to switch between the two equations, one for sliding and
one for stiction. The model is 7 parameter model, but due to the switching requirement an
8t parameter might be required. The Bliman-Sorine model [14, 73], which is also based on
the Dahl friction model. There are subtle differences in this model when compared to the
LuGre model. The Stribeck effect in Bliman-Sorine model is not the same as that observed

in experimentation. Moreover, the model has an oscillatory response in the stiction regime.
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Gonthier et al. [41] made further modifications to the LuGre model and presented a new
model in 2004. The authors added a dwell-time dependency to the LuGre to account for
the difference when the bodies transition from static friction to dynamic versus when the
transition is from dynamic to static. They also made changes to the bristle state to make
the dynamical model non-stiff at low relative velocities which was another drawback of the
LuGre model. Currently, this model shows promise as the results predicted by this model
match well with the literature. For further review of friction model, the reader is referred to

the paper by Marques on the topic [66].

Recent modeling approaches of hybrid dynamical systems may provide major breakthoughs
in friction modeling, which is a just a specific case of a hybrid dynamical event. Taylor
presents a MATLAB® based software package for hybrid dynamical systems and includes

the example of stiction as a hybrid system [89].

The models discussed above fall in the category of dynamic friction models and are very ver-
satile and capture the friction behavior really well, however, they are relatively difficult to
implement. Simpler models have been proposed each having their advantages and disadvan-
tages. Some prominent ones are the smooth Coulumb model [55] which is a continuous and
differentiable variant of the Coulumb friction model. However, it is incapable of modeling
stiction. Karnopp model [54] is capable of modeling stiction to some extent and the sliding
velocity within a certain dead band |v| < vy is as considered to be zero. Pennestri et al. have
provided a comparative study of some of these models using a simulation of the Rabinowicz

test [80].

A simple velocity-based friction model, primarily suited for control and real time applications
was provided by Brown and McPhee [16]. This model is a continuous function of velocity and
captures the Stribeck effect and viscous drag accurately. However, for the sake of simplicity,

the micro-asperities and time dependence of friction have been omitted. This is expected, as
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inclusion of these phenomenon would lead to reduced performance of the model for real-time
applications. The model has first order continuity and is differentiable which is important for
sensitivity analysis. The authors also compare this model with other other friction models
like Andersson model [1] and Specker et al. [86]. Brown and McPhee concluded that the
Andersson model agrees with friction behavior with a smooth transition from rest velocity
but the parameters used in the model are not very intuitive to understand and it is not
entirely clear how they would affect the shape of the friction force-velocity curve. Moreover,
both Specker and Andersson friction model predict viscous friction purely as a function of

velocity and do not include the normal force in their formalism.

In conclusion of this review, it can be said that the Gonthier et al. friction model and
the Brown and McPhee friction model are really well suited for multibody dynamic simula-
tions. The detailed friction modeling and a comparative study of these two models has been

presented in Chapter 2.

1.5 Current Research in Sensitivity Analysis

Over the years, several sensitivity analysis methodologies have been developed. Haug [46] de-
veloped the methodology using index-3 and index-1 formulations. Chang and Nikravesh [19]
added Baumgarte stabilization [5] to dynamic systems to prevent constraint violation. Pa-
galday and Avello [75] performed sensitivity analysis using Augmented Lagrangian Penalty
Formulation. While modeling spatial mechanisms, redundant constraints are a common
problem. In such cases, it is advisable to use penalty formulations. Direct and adjoint sen-
sitivity analysis using Ordinary Differential Equation (ODE) formulation was presented by
Dopico et. al. [31]. This formulation enables the use of standard well-established integration

schemes, like 4™"-order Runge-Kutta, to be used for the solution of dynamics and sensitivi-
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ties. Zhang and Sandu [97] have developed a library for computationally efficient integration

of ODEs.

The direct sensitivity analysis approach is preferred only if the number of parameters is
relatively small [17]. As the number of parameters grows, this methodology becomes compu-
tationally expensive. On the other hand, adjoint sensitivity approach poses some numerical
difficulties during computations that need to be addressed by using proper multibody dy-
namic formulations. These drawbacks were addressed by Zhu et. al. [100] by using penalty
formulation for adjoint sensitivities. Zhu et. al. [101] benchmarked this methodology against
other popular approaches to sensitivity analysis and found that the total CPU runtime for
adjoint sensitivity analysis of a complex vehicle model was significantly less than the other

approaches.

In the past few years sensitivity analysis approach has been developed for hybrid systems, or
systems that have piece-wise continuous velocity trajectories. Corner et. al. [21] developed
the direct sensitivity analysis approach for such systems. These discontinuities might be
caused by events such as impacts which results in a sudden change of constraints. Most
recently, Corner [22] extended his work on hybrid systems and presented a methodology for

adjoint sensitivity analysis of hybrid systems.

Among other applications, sensitivity analysis can also be employed for parameter estima-
tion. Blanchard et. al. presented his work on parameter estimation for mechanical systems

with uncertain parameters using polynomial chaos representation of uncertainty [11, 12, 13].
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1.6 Conclusions

In this chapter, a brief history of multibody dynamics was provided. Various DAE and ODE
formulations were discussed in generalized cartesian coordinates and minimal coordinates.
A brief overview of complex multibody formulations such as hybrid-dynamical systems mod-
eled using event functions and flexible multibody systems was also put forward. Over the
years, several models for friction have been developed, but not all are suitable for inclusion
in the formulation of dynamic systems. The Dahl friction model and its variants LuGre and
Gonthier et al. friction model were the key milestones in this domain since they fundamen-
tally changed the way friction was being implemented. Their versatility enables them for
application is several areas of engineering, especially in dynamics and controls. Some simpler
velocity-based friction models were also discussed. The most prominent of which is of course
the Brown and McPhee friction model. Its capability of modeling the stiction phenomenon,
viscous drag and Stribeck effects in a relatively simple formulation with physically meaning
model parameters is commendable. This makes the model really suitable for applications in
real-time systems, such as those responsible for friction compensation. Finally, the current
research in sensitivity analysis was presented and how the techniques developed are appli-
cation to systems with friction was demonstrated. In the subsequent chapters, the theory
for modeling friction in multibody dynamics and the methodologies for direct sensitivity

analysis will be discussed.



Chapter 2

Modeling of Multibody Systems with

Friction

In this chapter, the process of modeling friction in dynamical systems will be discussed.
The chapter starts with a brief overview of friction and its nature. The importance of
friction modeling its relevance to the current research has been explained. After a brief
discussion using a simple block system, the chapter details the steps for incorporation of
friction in multibody dynamical systems. This process has been split into two parts, viz. the
computation of normal force at the joint interface and the characterization of friction at the
joint interface using two different friction models. The chapter ends with a benchmarking
study of the two friction models to assess their individual suitability for use in multibody

system models.

2.1 Overview of Friction in Dynamic Systems

Friction is simply the resistance to relative motion. As a result, friction is a very common
occurrence in dynamic systems, as almost all mechanisms involve some or the other form
of sliding or rolling contact elements such as ball joints, roller and thrust bearings, screw
joints and gears. Despite this ubiquity, friction in mechanical systems is an understated

phenomenon. Although the existence of friction is clearly acknowledged, it is often ignored

19
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during the modeling process. This greatly simplifies the equations and the exclusion of fric-
tion is justified by providing some means to mitigate friction such as lubrication, or smooth
surfaces. Friction being a dissipative force, often times it is accounted for in the overarch-
ing term efficiency of the system. However friction is one of the primary causes of wear
in mechanical systems due to generation of contact stresses. Friction along with Newton’s
third law of motion enables motion in all of the terrestrial vehicles and is responsible for
acceleration, braking and maneuvering. In precision controlled systems, it is very important
to compensate friction to achieve the required motion or output forces/torques. Olsson et
al. illustrates these intricacies of friction really well in their paper on friction and its com-
pensation [73]. All in all, it can be stated that for some systems, inclusion of friction in the
system dynamics is essential and needs to be modeled using mathematical formulations that

are appropriate for the application.

Speaking of the process of modeling friction, even the inclusion of simple Coulumb friction
in the dynamics of the system is a complicated task. This can be attributed to two things in
particular. Firstly, friction is a vectorial quantity and it always acts in a direction so as to
oppose relative motion. Secondly, friction in dynamic systems almost always depends on the
states of the system, and this dependency might be non-linear in nature. Consider a simple
system as shown in Fig. 2.1. For the moment, assume only the system at the top is being
analyzed, i.e., the system is 1-dimensional. The block is moving in the positive x direction
with a velocity v on a surface that has a coefficient of friction . The block is being acted

on by a constant applied force F, at an angle 6. The equations of motion of this system can
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L t +A4t

Figure 2.1: A simple dynamic system with friction.

be computed relatively easily, as shown below

N = F,cos0 +mg (2.1a)
Fy = uN (2.1b)
mi = Fy + F,sinf (2.1c)

Say, it is required to compute the velocity of the block after a time At. Given the acceleration
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calculated in Equation (2.1c), we have v/ = v + #At. In fact, since all of the quantities
determining acceleration a are constant, the interval At can be taken arbitrarily large so

long as the quantities v' and v have the same directions/signs.

However, the equations of motion change substantially if an additional spatial dimension is
added. Now consider the plan view of the same system. The vectorial nature of friction
quickly becomes apparent. Friction force will always oppose relative motion and hence it
always acts in a direction opposite to that of relative velocity. In this simple case, v, = v
as the surface is at rest, but friction acting between two bodies in motion is not uncommon
and the associated relative velocity might be in an arbitrary direction. Let the combined
external force on the system Fi,; = Fy + F,, change the velocity v to v" after the interval
At. This change in velocity is shown by a red arrow, which acts in the same direction as
F.ui. This change in velocity at time ¢t + At results in a change in the friction force from
F} to F}, since friction will now act in a direction so as the oppose the new velocity v’. As
a consequence the net external force on the block will also change, both in direction and
magnitude, even though there was no change in the applied force F,. Moreover, the point
of application of friction force is at the center of pressure, which might not be exactly below
the center of mass of the block. One might propose that such a system, with friction being
a dynamic vectorial quantity, is still solvable using vector algebra and numerical methods.
However, if the applied force F, is a function of the system states, say the position x and
velocity v, the normal force N and consequently the friction force Fy, all depend on the
system states. Extracting these states to formulate a linear time-invariant system might not
always be possible. This is the reason why modeling friction in dynamic systems is a non-
trivial task. In other words, the inclusion of friction to the dynamic model of a system adds
non-linearity. This complexity arises even for a simple case of dynamic Coulomb friction

without giving consideration to stiction or any other friction phenomenon for that matter.
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Spatial multibody systems are highly non-linear systems due to the constraint equations
and velocity couplings. The reaction forces at the joints are non-linear equations of the
coordinates and Lagrange multipliers. In the subsequent sections, the modeling of joint
friction in multibody systems will be discussed. This process has been broken down into two

independent tasks:

1. the derivation of the normal force of contact between the joints

2. the selection of a suitable model for the frictional force acting between the contacting

surfaces.

2.2 Normal Force of Contact

In any dynamical system there exist constraint forces and torques acting between two bodies

at the joint interface.

These constraint forces depend on the type of joint and the number of degrees of freedom the
respective joint permits. Figure 2.2 shows these forces acting in the joint reference frame.
Consider that the body 7 shown in Figure 2.2 is connected to another body j (not shown
in the figure) at point P. This means that there is a joint at point P. Point P can be
located on the body i through vector s in the body-fixed reference frame x’ — 3’ — 2’. The
body-fixed reference frame x’ — ¢’ — 2’ can be located globally using the position vector r.
A joint reference frame x” — y” — 2" is defined at point P. The rotational transformation
matrix from the reference frame z” — y” — z” to the reference frame z’ —y’ — 2’ is denoted by
C and that between 2’ — 3’ — 2’ and the global frame x —y — z is given by A. The constraint
equations for the joint at point P are arranged in a vector ®. Given this setup, Equation

(2.2) gives the expression of these forces as derived by Haug [48].
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Figure 2.2: Internal joint forces. Adapted from Haug [48].
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These forces and torques are in arbitrary directions, as seen in Figure 2.3, and they need
to be resolved along the joint reference axes in order to compute the normal force. Also,
the reaction torque manifests itself as a couple acting along a moment arm, since moments
applied at a point do not exist in real mechanisms. These forces acting as a couple constrain
the bodies in rotational degrees of freedom. It is important to note, however, that the these
forces acting as a couple do not contribute to the normal force between the joints, since they

are equal in magnitude and act in opposite directions.

Haug [48] has provided the resolution of joint forces and torques for cylindrical, translational,
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Figure 2.3: Forces in a cylindrical joint. Adapted from Haug [48].

and revolute joints. These joints can be modeled using a single joint type with different
degrees of freedom as shown in Fig. 2.3. Consequently, one model is sufficient to simulate
the behavior for all three types of joints, the only difference being in their constraint forces.
The main components of such a joint are the sleeve and the rod which guides it along a linear
path. This joint is defined by points P and (). The distance between these points is denoted
by @*. Similarly the width of the joint is denoted by b*. These distances must be understood
as a generic distance along which the constraint forces would act to restraint the degrees
of freedom of the bodies, and must not be confused with the geometrical dimension of the
joint. The torque Ty"* and force F;"* from Equation (2.2) has been represented graphically
in the figure. u}, u and u/ are unit vectors in the joint reference frame of body . The main

objective of this analysis is to get the components of the torque T;"* and force F;"* along
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the joint reference axes. The force components have been expressed in Equation (2.3).

1
f;llk _ —u;F;’k + (J) ulyT;/k (2.3a)
. 1 ;
1k kT k kT k
[ = —uy M E — (E> uy " T (2.3b)
Frh = (%) u;/ikTT;/k (2.3¢)
f//2k _ (i) u//ikTT{/k (2 3d)
Yy ak T 2 ’
FIk = KT R (2.3e)
f;’gk _ (%) u;’ikTT;,k (2.3f)

The components f/'* and f”3* will exist only for revolute and translational joints respec-
tively. As mentioned previously, 3¢ does not contribute towards the normal force acting at
the joint interface. Taking the vector summation of these components results in the normal
force vector. However, since friction is only concerned with the magnitude of the normal

force, we have

F, = \/(fé’lk + fé/%)z + (lel/lk + f@/{/Qk)2 + (f;/lk)Q (2.4)

As it can be observed from Equation (2.3), the terms associated with torque cancel out after
addition and the normal force can be directly taken as the magnitude of F/* from Equation

(2.2).

Now that the normal force acting at the joint interface has been computed, an appropri-
ate friction model must be chosen for the dynamics. The subsequent sections present two

different friction models, each having their advantages and drawbacks.
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2.3 Friction Models

The following subsections detail the modeling processes for the friction models used in this
research. Two friction models have been chosen, one being a static velocity-based model
(Brown and McPhee model) while the other is a dynamic state-space model (modified LuGre
a.k.a. Gonthier et al. model). The static Brown McPhee model is a recent friction model
and it seems very promising for use in multibody systems, due to its simplicity and ability to
model the friction effects which have the most significant impact on dynamics viz. stiction,
static-dynamic friction transitions and viscous effects. Moreover, this model has already
been implemented by Haug for Lagrange-based multibody formulations [48]. The dynamical
friction model developed by Gonthier et al. [41], was an improvement on the LuGre friction
model [18]. It is a more realistic friction model that has shown significant accuracy when
compared with the experimental friction behavior and hence it will be used as a benchmark

to evaluate the performance of the simpler Brown and McPhee model.

2.3.1 Joint Friction Model: Brown and McPhee

Haug [48] applied the Brown and McPhee [16] as an approximation to Coulomb friction
acting at the joint interface between two bodies. Under the assumption that most mechanical
systems are at least partially lubricated, the friction acting between such surfaces deviates
from the dry Coulomb friction model. Coulomb friction being a discontinuous function of the
sliding velocity during impending motion, or when the relative velocity is zero, Brown and
McPhee friction model [16] characterized this region with a gradual increase in magnitude.
This ensures that the friction model is differentiable, and it is represented by physically
meaningful parameters. Furthermore, this model includes the effects of static, dynamic, and

viscous friction. Most multibody systems may exhibit a viscous friction behavior, but for the
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sake of simplicity, the effect of viscous friction has been omitted in this work. Mathematically,

such a friction model (without viscous friction) can be represented by Equation (2.5).

v
Fy(v, p) = F,pq tanh <4—) + Fo(phs — pha) (2.5)

Ut

This function has been visualized in Figure 2.4 for two different values of v, g, and us each
and a normal force F,, = 100 N. From the graph it can be observed that, as the value of v,

reduces, the model tends to mimic the dry Coulomb friction model.

Brown and McPhee Friction Model
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Figure 2.4: Brown and McPhee friction model. F,, = 100 N.

Since the expression for F,(q,q, A) was derived in Equation (2.4), the friction model can
now be implemented in any of the multibody dynamics formulations. In Chapter 5, a cased
study will be presented, where this friction model has been implemented using an index-1

formulation.
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2.3.2 Joint Friction Model: Gonthier et al.

A one-dimensional ODE formulation for friction was developed Wit et al. [18]. This model
is an extension of the Dahl model combined stiction with Stribeck effects. This model can be
considered as a combination of two models, namely a brush model for low relative velocities
and the dynamic Coulomb friction for high relative velocities. The model has become popular
in the research community as the LuGre model. Since it has been assumed in this model,
that two rigid bodies interact with each other through elastic bristles, the friction force can
be represented as a function of the bristle deformation z and the deformation rate z. The

generated friction force from these bristles can be represented as

fi,, =00z+012 (26)

Here o is the stiffness of the bristles and oy is a "damping” coefficient for the bristle
deformation rate. It is important to note that the ODEs given by this formulation are very
stiff at low relative velocities, i.e. in the stiction regime, and need implicit ODE solvers. The
time constant for the bristle dynamics is inversely proportional to the relative velocity, but
the time constant for the overall system dynamics are small and constant during the stiction

phase. Hence, a reformulation for the bristle state was done by Gonthier et al. [41].

Gonthier et al. developed this friction model primarily for contact dynamics, where the
bodies are compliant in the normal directions. However, the governing physics are identical
for friction in contact dynamics and that in the dynamics of multibody systems. This
frictional model also incorporates the dwell-time dependency during the static friction phase.
The bristle state z used in friction model Wit et al. was modified by Gonthier et al. into two
distinct sub-models, viz. zg during the static friction regime and zg for the sliding friction

regime. A state variable s is responsible for the transitions from stick to slip phases and vice
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versa. The revised bristle deformation can now be written as
Z =587+ (1 —s) g (2.7)

Suppose this friction acts between bodies ¢ and j, relative velocity can be represented by

u;; = I; — I; and the unit vector along this velocity is given by u;; = |:; —

?‘ In Equation
2.7, s = e~ Wiwi)/v? and v, is equivalent to the transition velocity defined in the Brown
and McPhee friction model. As it is evident from Equation 2.7. as u;; — 0, s — 1 and

(1 —s) — 0. Thus, when the relative velocity is low, z = zy. Similarly, as u;; >> vs, s = 0

and (1 — s) — 1. Consequently, when the relative velocity is high, z = zg.

When the bodies are sticking to each other, the bristle deformation rate should exactly match

the relative velocity, or mathematically

Similarly the bristle deformation rate in sliding can be defined in terms of the Coulomb
friction force, which acts opposite to the relative velocity with a magnitude proportional to

the normal force acting between the bodies. This can be expressed as
fo = pa F,, dire (uy5, ve) (2.9)

dir, (u;5, ve) is a binary function that evaluates a unit vector along the direction of u;;. It is

defined as

u;j; lu;;| > v

3
wij (3 gl 1 (]ugl : g
Ve (2 Ve 2 Ve ) |uz]’ < Ve

For very small velocities (Ju;;| < ve), the dir. (u;;, v¢) uses a continuous function as shown

(2.10)
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in Figure 2.5.

. dir(u;;, ve) for low relative velocities
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Figure 2.5: Direction function for low relative velocities

The friction force applied by the bristles should match the Coulomb friction force when the

bodies are sliding. Setting Equation 2.6 equal to Equation 2.9 and solving for zy (z = zg),

we have
1
7% (2.11)

zg = —fc— —z
01 01

This ODE has a time constant 7,, = 01/09, which represents how quickly the bristles read a

steady state deformation when the relative velocity is constant.

The final state equation for bristle deformation is

1
Z:SUU—F(l—S) (O_—lfc—z—(l)Z) (212)

When two bodies in contact start moving relative to each other, the bonds responsible for

friction shatter at once, and the friction dynamics is dominated by the bristle time constant



32 CHAPTER 2. MODELING OF MULTIBODY SYSTEMS WITH FRICTION

The. However, when the bodies are coming to a rest from relative motion, the friction forces
do not develop at once. This phenomenon is known as the dwell-time dependency. As the
bodies slow down relative to each other, the microscopic asperities to settle and molecular
bonding to take place. Gonthier et al. considered this phenomenon in this model. The way
it is incorporated in the model is by introducing a new state sg,. The dynamics for this

state are defined as follows

— (s —Saw); §— Saw >0
Saw =14 (2.13)

%(s—sdw); 5 — Sqw < 0

Here 74 is the dwell-time dynamics time constant, and it is one of the parameters of the
model. As the maximum force during the stiction phase cannot exceed the static Coulomb
friction force given by finae = Fn (1t + (s — 1q) Saw), @ saturation function is introduced in
the model, to ensure that the force given by the model is the minimum of the bristle force

and the maximum Coulomb friction force. This function is given by

fbr; |fbr S fmax|7
sat (for, fumax) = (2.14)

aij fmax; |fbr > fmax‘-

The final consideration of this model is the incorporation of the viscous friction effect between
the sliding bodies, to account of any lubrication. A parameter oy, which is the viscous
damping coefficient of the fluid, is introduced in the model. The final tangential friction

force is given by

F; = — (sat (for, fmax) +021y5) (2.15)

As it can be observed, this model is a seven parameter model. These parameters are: p,

d, 0o, 01, 02, Us, and Tqy. The numerical tolerance v, should be taken as at most 1/ 10" of
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the Stribeck velocity ws.

2.4 Rabinowicz Stiction Experiment

In the previous sections, two different friction models were discussed. In order to compare
these models, with their relative advantages and drawbacks, a simple test case is presented

in the following sections.

2.4.1 Description

An experiment was proposed in 1938 by Bowden and Leben to study the stick-and-slip nature
of friction. In 1961, Rabinowicz [80] gave a more formal treatment to this experiment. Fig.
2.6 shows a schematic of the apparatus that is used for this experiment. It consists of a
block connected to a rigid support by means of spring. The block rests on a surface that
can move forward relative to the block at a constant rate, such as a conveyor system. Since
the surface has friction, the block sticks to the conveyor and moves forward with it and
consequently elongating the spring. As the block moves forward, the spring force builds up

to a point where the friction at the block-conveyor interface can no longer hold the block.

W —— = v

CO @)
/’

conveyor
Figure 2.6: Bowden-Leben stick-slip experiment.
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At this moment, the block starts sliding in the direction of the spring and the spring starts
returning to its natural length. When the spring force has sufficiently reduced, the block

sticks to the surface once again and the whole process starts over.

This experiment can be modeled numerically to test out different friction models, as it can be
seen in literature [66, 78]. A simulation was created in MATLAB® for benchmarking Brown
and McPhee friction model against Gonthier friction model. The simumation parameters
have been listed in Table 2.1

Table 2.1: Bowden-Leben experiment parameters.

Parameter Symbol Value
Mass m 1 kg
Acceleration due to gravity g 10 m/s?
Spring constant k 2 N/m
Ramp velocity v 0.1 m/s
Coefficient of static friction Ibs 0.15
Coefficient of dynamic friction fhq 0.1
Bristle stiffness oo 10° N/m
Bristle damping o1 V/10% N-s/m
Dwell time-constant Tdw 2s
Numerical tolerance ve =1y 0,/100 =10"° m/s
Stribeck effect / Transition velocity Vs 0.001 m/s

Viscous drag due to lubrication has been neglected in both models (o2 = 0).

2.4.2 Results

The experiment was simulated for a total of 20 seconds. Figure 2.7 plots the friction force

computed by Brown and McPhee model versus that computed by Gonthier et al. model.

There are a few things that can be observed from the plot. First of all, the peak force as

predicted by Gonthier et al. model is slightly higher for the first time the block starts sliding,
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Friction history
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Figure 2.7: Friction force versus time.

than it is for the second time. This is in conformance with the experimental observations
of Rabinowicz. However, no such change in the friction peak magnitude is observed in the
Brown and McPhee model. The reason behind this difference in peak force is due to the
fact that Gonthier et al. is a dynamic friction model, while Brown and McPhee is a simpler
velocity-based model. The dwell-time dynamics discussed in Section 2.3.2 plays a key role
in this phenomenon. Since the model is initialized in the stiction state, the model state sg4,
will not achieve equilibrium until the block starts sliding for the first time. For subsequent
peaks, of sg, # 0 and hence there is less time before the block transitions from static to

dynamic friction, thereby limiting the peak friction force.

Another observation that can be made, is that Gonthier et al. model accounts for the dif-
ference in the transitions from static-to-dynamic and dynamic-to-static regimes.The abrupt
peaks that occur at time ¢t = 10 s and ¢ = 18 s in the Brown and McPhee model are not
observed experimentally or in the Gonthier et al. model. As Brown McPhee model only
considers the relative velocity for changing the coefficient of friction, it applies the peak

friction force for a very brief amount of time, since the relative velocity of the block with
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respect to the ramp is very low during that period. This is incorrect, since friction force
is always dissipative, i.e., it will never add energy to the system. However, the Brown and
McPhee model seems to "push” the block forward when it is transitioning from a sliding to
sticking phase. However, this inaccuracy by the Brown and McPhee friction model does not
create a large error, since the magnitude of this force is very low and it occurs only over a

short time.

Finally, the transition is instantaneous in Brown and McPhee model, while in Gonthier et
al. model there is a time constant for the bristle dynamics. Hence, at t =10 s and t = 18 s
there is a momentary drop in the friction force in the Gonthier et al. model, since the bristle

state has not stabilized and the required friction force cannot be provided instantaneously.

Position and Velocity history
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Figure 2.8: Absolute position and velocity of the block.

Figure 2.8 plots the position and velocity of the block for both the friction models. As it can
be observed, the position and velocity plots are very similar. Just like it was observed in the
friction plots for Gonthier et al. model, the first peak in the block position is slightly taller
than the second peak. As a result, the block also achieves greater velocity during the sliding

phase for the first time. This behavior is completely ignored by the Brown and McPhee
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model, and all the peaks have the same magnitude, both in position and velocity.

2.5 Conclusion

As per the numerical simulation of the Bowden Leben experiment, the Brown and McPhee
model is found to be capable of simulating reasonably accurate friction behavior despite its
modeling simplicity. Hence, it proves to be a good starting point for performing sensitivity
analysis of multibody systems with friction. In the upcoming chapter, various formulations
of multibody dynamic systems will be summarized. The changes in the formulation, due to

addition of the friction force computed in this chapter will also be discussed.



Chapter 3

Mathematical Formulations for

Multibody Systems

In the previous chapter, the computation of the normal force at the joint interface and the
resulting friction force at the joint was computed analytically. This chapter dives into the

following multibody formulations:

—_

. Lagrange formulations (Index-3, Index-2 and Index-1)

2. Stabilized Index-1 formulation

w

. Penalty formulation (Mixed ODE formulation)
4. Augmented Lagrangian formulation

5. Matrix-R formulation (Minimal formulation).

These formulations are the most commonly used multibody formulations. A means to in-

corporate joint friction in the system dynamics will also be discussed in this chapter.

3.1 Lagrangian Formulations

The time history of multibody systems forms the basis for sensitivity analysis and dynamical

optimization. As mentioned previously, the two prominent approaches for multibody dynam-

38
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ics are the DAE formulations and ODE formulations. DAE formulations are distinguished
based on their indices, which is a measure of how many times the equations need to be
differentiated to convert them to an ODE. Joseph-Louis Lagrange developed the Lagrange’s
equations, which can be written for a constrained system as follows

% (g—é) — g—fl + P A= Q™ (3.1)
where L = T'—V is the Lagrangian function, 7" and V' being the kinetic and potential energy
of the system. The derivation of this equation from first principles can be found in various
literature [8, 58, 59]. ®, is the Jacobian of the constraint equations ® with respect to the
dependent generalized coordinates q € R". q contains the coordinates of the body-fixed
reference frames which define the positions and orientations of all the links of the systems
in a particular configuration and X is the vector of Lagrange multipliers which represent the

constraint reaction forces. All of the external forces are represented by Q®*. The kinetic

energy of the system can be further written as

T = %quq (3.2)

In Equation (3.2) M is the inertia matrix of the system. Substituting Equation (3.2) into

Equation (3.1) we get the well known form of the equation of motion as follows
Mg+ @A = Q™ (3.3)

where Qo = Qe — Mq + Ty — Vg, and Q% represents all the external forces including
friction and velocity dependent inertia forces. All terms other than Q% in Q' are known
as the velocity coupling terms and are cumulatively represented by S. The formulas for

computing all of the terms required for multibody formulation is given in Appendix A.
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Equation (3.3) can also be obtained by d’Alembert’s principles of virtual work and the
application of Lagrange multiplier theorem [44, 47]. Equation (3.3) needs to be satisfied in

addition to the constraint equations
®(q,t) =0 (3.4)

The combined system of Equation (3.3) and Equation (3.4) constitutes the indez-3 formu-

lation for multibody systems.

The constraint equations can be differentiated with respect to time, to obtain the velocity

and acceleration constraint equations as follows

®(q,t) = Pgg+ P, =0 (3.5a)

b(q,t) = Bqd + Poq + P, =0 (3.5b)

Equation (3.3) along with Equation (3.5a) form an indez-2 DAE formulation. Since, high
index DAEs are difficult to solve, these formulations are not particularly popular. Equation
(3.3) along with Equation (3.5b) form the first practical formulation for multibody dynamics,

also known as the index-1 formulation. It is often represented in an augmented matrix form

M &! q Q
4 — (3.6)
®, 0 A C
where ¢ = —<i>q('1— ®,. For reasons that will become clear later on, it is advisable to represent

the friction forces separately. The index-1 constrained equations of motion for scleronomic
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multibody systems with joint friction can be written as

R =M(q)d + @4(a)X — QY (q,4,2) — Q(q,4,1) =0 (3.7a)

Pqq+(2q-4)y-q=0 (3.7b)

Here Q4/(q,d,A) € R" is the combined vector of friction forces for all the joints. The
expression for the magnitude of the friction force Fy using the Brown and McPhee model
was expressed in Equation (2.5) and using Gonthier et al. model was given in Equation
(2.15). Suppose this friction acts between bodies i and j, the frictional force on these bodies

can be represented as

Q.Y (q,a,\) = Fy - Uy (3.82)

QY (q, 4. \) = —F - (3.8b)

P
|t =1

where u;; = Consequently the vector Q4/ can be written as an assembly of the

individual friction force or torque vectors for all of the bodies as seen in Equation (3.9).
T
QY=|q" .. QY .. Qi (3.9

Equation (3.7) can be written in a matrix notation as follows

M @ ¢ + QY
4 a)_|e*rq (3.10)
®, 0 A c
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3.2 Index-1 Formulation with Baumgarte Stabilization

Index-1 formulation is great for simple multibody dynamics studies, but for more complex
systems this formulation struggles with a few numerical difficulties. The direct numerical
solution of Equation (3.7) tends to drift off, since any error in the acceleration constraint
equation grows quadratically with time. This can be seen by assuming a constant error for
the acceleration constraints. ® = € — b = eit+e = & =1/2¢ 2 + eyt + €.
This problem can be overcome by replacing the acceleration constraint equations with a

self-stabilizing 2"¢ order differential equation as follows
®+20D+52®=0 (3.11)

This process was first presented by Baumgarte in 1972 [5]. In Equation (3.11) o and  are
positive constants, which is why this equation has stable poles. Assuming that o/ < 1, ®

has an exponential form of solution as follows,
® =a; Ml 4 aye! (3.12)

where a; and ay are constant vectors which depend on the initial configuration of the system

while \; and Ay are Eigen values of Equation (3.11) which have the form

)\1,)\2: —Oé:l:i\/ 042+52 (313)

Since Equation (3.13) has a strictly negative real part, ® is bound to converge to 0 as t — oo,
thereby stabilizing the solution. Even for @ > 3, the system is stable, with the solution to
Equation (3.11) being of a different form. A parallel to these conditions may be found in

2nd

the critically damped and over damped order systems.
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The index-1 formulation can be re-written using Baumgarte stabilization as follows

M @T - + Af
4 - @ ‘Q (3.14)
®, 0 A c—2ad - 2P

3.3 Penalty Formulation

Bayo et al. modified the Lagrangian formulation [8] based on the Hamiltonian description
of dynamics in Equation (3.3), but instead of appending the constraint Equations (3.4)
to the formulation, the authors incorporated them in the formulation itself using penalty
factors. This approach leads to a system of ordinary differential equations as opposed to the
classical Lagrange’s DAE formulation. Penalty formulation consists of a system of n ordinary
differential equations (ODEs) as opposed to the differential algebraic equations (DAEs) of
the index-3 and index-1 formulations. The equation of motion for systems with friction can

be written as

Mij—i-(I)ga (¢5+25w¢>+w2¢> = Q+ QA (3.15)

where a is the penalty matrix and £ and w are damping and natural frequencies correspond-
ing to the Baumgarte’s stabilization method. The formulation is can expressed in a more

compact ODE form as follows

Mg =Q (3.16)

where

M=M+® ad, (3.17)

Q=Q+QY" -®,«a (‘f'qq+<i>t+2§w‘i>+w2¢)> (3.18)
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The following kinematic identities hold

®(q,t) = Bgq+ P, ~ 0 (3.19)

B(q,t) = Pgi + Pgq + @, ~ 0 (3.20)
In penalty formulation, the Lagrange multipliers are approximated with the following term
A= a (c'IS 426w + w? <I>> (3.21)

Since, the exact Lagrange multipliers do not exist in penalty formulation, the friction force
vector Q47* is calculated based on the approximate Lagrange multipliers given in Equation
(3.21). The term that depends on the Lagrange multipliers in Q4/* is actually the joint
reaction force Fj,. The modified equation for the joint reaction force in the joint fixed

reference frame for a body ¢ using approximate Lagrange multipliers is given by
F/* = —CITAT @A (3.22)

and the associated normal for in this joint is given by |F;’k’ In penalty equations, a is
usually chosen to be a diagonal matrix with large numbers, which creates the problem of
choosing the right penalty factors, natural frequencies and damping ratios. Usually £ = 1
creating a critically damped system with a natural frequency w = 10 rad. This works to some
extent for numerical simulations since it has been shown that the solution of Equation (3.15)
exactly matches with that of Equation (3.3) for infinite penalty factors [87]. However, very
large penalty factors lead to loss-of-significance errors. Moreover, penalty formulation does
not satisfy any of the constraint equations or its derivatives exactly, as seen from Equation

(3.20).
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Bayo et al. also recommended an augmented Lagrangian solution technique to avoid large
penalty factors and still achieve results within a sufficiently good tolerance [92]. Since not
choosing large enough penalty factors results in constraint violation errors, the approximate
Lagrange multipliers A* need to be corrected during the solution. This iteration is set up as

follows

L= —o <¢5+2§w¢>+w2 q>) (3.23)

with A7 = 0. This iterative process can be incorporated in the integration of the equation
of motion itself, which leads to the augmented Lagrangian form of the penalty formulation.
Penalty formulations have also been shown to work well for kinematic bifurcations and

redundant constraints [6].

3.4 Augmented Lagrangian Formulation with Projec-

tions

The augmented Lagrangian formulation is an extension of the penalty formulation [8] and
was first introduced in 1996 by Bayo and Ledesma [7]. This formulation uses mass-orthogonal
projections for the solution to satisfy the kinematic constraints. This method is very well
suited for dynamic systems with redundant constraints, singular configurations or topology
changes. The major advantage of this formulation is that a high degree of accuracy is achieved
in satisfying the constraint equation and its derivatives during the numerical integration
process unlike the penalty formulation where only the weighted term (@ + 28w + w? <I>>
is converged. This process is called constraint cleaning. There is no need for coordinate
partitioning or reduction of the states to achieve this accuracy, since it is achieved by means

of the mass-orthogonal projection.
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In penalty formulation, during the time integration process, a set of coordinates q* is ob-
tained, which do not satisfy the constraints ® = 0. In order to satify these contraints, a
mass-orthogonal projection is performed onto the constraint manifold which yeilds a new set
of states q that satisfy ® = 0. This is enforced by means of a constraint minimization cost
function V. The problem is formulated as

1
min V' = §(q —q")"M(q — q*) subject to ®(q,p,t) =0 (3.24)
q

The addition of the mass matrix M to this cost function ensures the same leading matrix as
that in the dynamic equations of motion in Penalty formulation Equations (3.16). To ensure
satisfaction of the constraints, Equation (3.24) is modified to include terms dependent on

the constraint vector.
1 1
Ve=gla- a)"M(q—q*) + 5<I>Tou1> +®TA=0 (3.25)

Bayo and Ledesma recommend a value of 107 for the penalty factors. The Jacobian of

Equation (3.25) is given by

=M(q—q") + 0P + B A=0 (3.26)
A Newton-Raphson iteration can be set up by a first-order expansion of Equation (3.26).

q"" =g — (M + @ a®,) ' (M(q! — q") + 2 A1) (3.27a)

ALY = AT} 4 q@plitl) (3.27b)

In Equation (3.27), the tangent matrix need not be updated for every iteration since q ~ q*.

1=0,1,2,... is the iteration index of the for the Newton-Raphson iteration. These converge
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for © — oo to the exact states and Lagrange multiplier values resulting from the solution of

the classical DAE system given by Equation (3.7).

Just like the projection of the states, the integration of the penalty equations of motion yields
a velocities g* that do not completely satisfy the constraint conditions ® = 0. To obtain
the mass-orthogonal projections to ® = 0, the following constraint minimization problem is

formulated.

. .. . . 1. . .

Vi=S(a-a)'™Ma-a) + g@Ta‘I’ +do=0 (3.28)
where o are the Lagrange multipliers for the projected velocities. The Jacobian of this cost
function is given by

*

dq

H(q,q,t) = =M@ -q)+@ia®+PJo=0 (3.29)

The identitites &, = &4 and &, = ®4. The iterations for the velocities and the associated

Lagrange multipliers can be set up as follows

M+ ®.a®,)g" = Mgl — o, (3.30a)

ottt — olit 4 q@plit1} (3.30b)
{0}

These iterations can be started by assuming ¢ = ¢* and o{% = ad'”’.

Finally, the cost function for the projections of the acceleration is given by
oo L g 1aT s aT
Vzé(q—q)M(q—q)+§<I> a®+P k=0 (3.31)

where k are the Lagrange multipliers for the projected velocities. The Jacobian of this cost
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function is given by

. oV L :
H(q,q,q,t) = 9 =M(qg—-q") + @Zaq) + @gn =0 (3.32)

The iterations for the accelerations and the associated Lagrange multipliers can be set up

as follows

M+ ®La®,)§"™ = Mg' — & a(Pqq + @) (3.33a)

UL = ol | ool (3.33b)

These recursions can be started by assuming ¢° = ¢* and (% = a'.I.J{O}.

The Augmented Lagrangian Index-3 formulation with orthogonal Projections of velocities

and accelerations (ALI3-P) is given by

() i Affi
o=l (3.34)

Mg' + (A" +a®)

The algorithm in is often combined with a numerical integration scheme to solve the dynamics
equations alongside the Newton-Raphson iterative approach. The integration scheme for the

Newmark approach was presented by Dopico et al. [25].

alh = %qﬁl +4d,;  where q,= —% - (% - 1) I — (% - 1) hi,  (3.35a)
i I ™ = 1 L. 1 .

where § and vy are scalar parameters of the integrator, and h is the integration step-size.
If 3 = 0.25 and v = 0.5, the above equations are implementations of the the well-known

implicit trapezoidal rule.
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Scaling by a factor of Sh? and replacing the unknown velocities and accelerations (q 4
and q;,,) by their time discretized expressions, the dynamic equilibrium at time ¢, is
established, resulting in the following system of non-linear equations with q,4; and A}, as
the only unknowns.

{i}

n+1

{z

= [Ma+pnel(x +a®) - s (Q+ Q)] il + 5[ M|

g(ath d dn N ) = 802 (M + @3 (A +a®) - (Q+QY)]

=0

(3.36)

In each iteration of the Newton-Raphson process, an increment of the Lagrange multipliers,
A1 and an increment of the generalized coordinates, q,+1, q;,,; and q;,,; are taken by

means of the following expressions:

-x{i-1} Y {i-1} |, °

qn+1 - ﬁ hqn+1 + qn? (337&)
x{i— 1 1— o

qnt = 8 h? at +a, (3.37b)

Equation (3.37) are the integrator or time-stepping equations, where the states proceed
forward in time. This is followed by an update step similar to the ones derived in Equation
(3.27), but using the function g(qﬁp an, an, )\Z{ﬁ, p). This iteration step is shown in

Equation (3.38).

og =1} i i— -1 S o w{i
|:a :| <q7{ﬁ}:1 - q7{1+11}> =8 <qu+1 }7 4, dp, Ang-}lﬁ p> (338&)
qn+1

A = el (3.38b)
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Combining Equations (3.35) and Equations (3.36), the Jacobian of the residual g can be

evaluated as follows:

[ og ]{“}_ Jg  0Qny1 Jg  Jdni1 N Jg

8qn+1 B aé.In-i-l ‘ aqn—i—l 8qn+1 ' aqn-i—l 8qn+1
=M ok (Gl + Cli ) (3.39)
{i-1}

+ 50200 (a®@+X) + 0f a®q + K+ K|
n+1

-1}

n+1

(3.40)

~ MUy (S + Ol 4 g |@f a g + K+ KV

The first identity in the equation above is the exact tangent matrix, while the final form is the
approximate tangent matrix for the Newton-Raphson iteration, which is the recommended
one for the dynamics equation. Two matrices, K = —Qq = 90Q/dq, KA/ = —Qéf =
0Q* /0q, C = —Qq = 0Q/0¢ and C* = —Q;” = 9Q/d¢ have been defined.

Finally we have the initialization values of the states (both positions and Lagrange multipli-
ers) for the current time step, which are basic predictions of the final expected values after

convergence.

. 1 5.
AU = (3.41b)

Upon convergence of the iterative process at time-step ¢, the sets of positions, q,, velocities,
q; and accelerations q, are obtained. The positions q exactly full the constraint equations
® = 0, within the convergence tolerance of the algorithm; on the contrary, the satisfaction of

® = 0 and ® = 0 is not as good and the sets of velocities and accelerations, ¢* 41 and g
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have to be projected onto their corresponding manifolds to obtain their clean counterparts,
Qnt1 and Q1. The Newton-Raphson iterations to obtain were discussed in Equation (3.30)
and Equation (3.33). However, the mass matrix in the mass-orthogonal formulation can
also be replaced by a generic weight matrix P and a scalar < is multiplied to the penalty
matrix so that the same penalty factors can be used during the projection iterations. The
Penalty scheme to solving the projections optimization problem, the following simplified,

non-iterative projects are obtained for velocities and accelerations

(P+c@,a®,) . Gui=[Pqd — P cad] (3.42a)

n+1

(P+s®rady) , du = [P — @5 ca(dqa+ )] (3.42b)

n+1

The mass-orthogonal projections of Bayo and Ledesma [8] can be obtained by assuming
P = M and ¢ = 1. The mass-stiffness-damping orthogonal projections of Cuadrado et al.

[24] are given by P =M + vhC + 3h? [@gq <a<I> + X‘) + K] and ¢ = Bh2.

3.5 Matrix R Formulation

Matrix R is different from the other formulations discussed above. It is one of the minimal
state-space multibody formulations based on Maggi’s equations, unlike the redundant DAE
formulations in dependent coordinates discussed previously. This formulation was described
by de Jalon and Bayo in 1994 [37]. It is based on a velocity projection matrix ‘R’ and it is
one of the popular formulations in independent coordinates. It is based on the d’Alembert’s

principle in dependent coordinates

5q" (M(q, p)d— Q™ (q,q,t, p)) =0 (3.43)
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Equation (3.43) is applicable to all dynamic systems in general. In case of multibody dynamic
systems, all configurations of the system also need to satisfy the constraint Equations (3.4)

and their derivatives. Rearranging Equations (3.5a) and 3.5b) we have

®(q,t) =0 (3.44a)
®(q,t,p) =0 — Pq=-P,=b (3.44b)
(.I')(qu t) =0 = cI)q('fl = _(i)qq - (i)t =cC (3.440)

Some of the system states (n — m) can be deemed as independent states z € R?, where
d = n — m are the number of degrees of freedom of the system. Two matrices R € R"*¢
and S € R™™ are defined to express the velocities q and accelerations q in terms of the

independent coordinates z.

Matrix R formulation, also known as Maggi and Kane’s formulation, is a second order state-
space ODE. The Jacobians in Equations (4.12) have a nullity equal to the degrees of freedom
d. Hence d additional constraints are required to obtain the matrices R and S. A matrix B
is assumed that is composed of zeros and ones that imposes a set of additional constraints
over a subset of independent coordinates z, which are selected by the user as the degrees of

freedom from q. We have

P 0
1 6q= (3.45a)
0z
® b
“laq= (3.45Db)
7
P ¢
“lg= (3.45¢)
.
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If proper degrees of freedom are chosen then Equation (3.45) always has a solution. Given

this, the matrices R € R"*™ and S € R™*? can now be computed as follows

[s R}: (I];q _1 (3.46)

In case of redundant constraints, the lead matrices might not be square. In such a case, the

matrices S and R can be computed by means of a least-squares problem.
[®2®, + B"B] { S R } = { ®! BT } (3.47)

The relation between the dependent and independent coordinates is given by the following

equation.

q=Rz+Sb (3.484)
§ =Rz + Sc (3.48D)
dq = Roz (3.48¢)

Substituting Equation (3.48) in Equation (3.43) we obtain the Equations on motion in

independent coordinates

(RTMR)z = R*(Q*™* — MSc) (3.49)
Equation (3.49) can also be written in a state-space form

M(z, p)z = Q(2,2, A, 1, p) (3.50)
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where

M(z, p) = R"TMR (3.51a)

Q(z,z, A\ t,p) = RT(Q + Q% — MSc) (3.51b)

It is also worth noting, that since this formulation is a minimal state-space formulation it
makes more sense to use the Gonthier et al. friction model over the Brown and McPhee
model. An augmented state space representation of the combined non-linear time varying

system can be created.

3.6 Convergence of Lagrange Multipliers

Notice the presence of Lagrange multipliers in Q in Equation (3.51b) in the form of Q.
Such is the case for all multibody formulations involving joint friction. This is an implicit
dependency since Q really depends on the normal force (which a function of A) and not A
itself. Typically, Lagrange multipliers are obtained directly along with system acceleration
and are not required to solve the dynamics if there is no joint friction in the model. How-
ever, if joint friction force exists in the system at the very first time step (for example, if the
mechanism is already in motion), then the Lagrange multipliers need to be calculated for the
very first time step. Hence, the Lagrange multipliers need be computed as part of the inte-
gration process using any of the previously discussed Lagrangian formulations. Rearranging
Equation (3.7) we have

®IA=—-|Mg—-Q-QY (3.52)
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For the matrix-R formulation, we can combine Equation (3.52) with Equation (3.46) and

Equation (3.48b) we have

@\ =—[M(RZ+Sc) — Q- QY] (3.53a)

— A=-ST[M(Rz+Sc) - Q- QY] ={(Z,2,2,\,p) (say) (3.53b)

Equations (3.52) and (3.53) represents the Lagrange multipliers as a function of the system
dynamics. It can be interpreted from Equation (3.46) that matrix S is nothing but the
right inverse of the constraint Jacobian ®4. The Jacobian of the constraint vector needs to
have full row rank in order for this equation to be satisfied. Equations (3.52) and (3.53)
are non-linear implicit equations in A. The hats over z and its derivatives represent that
these quantities are held constant for that time step. These equations can be solved using
a fixed point iteration such as the Steffensen’s method [27]. This fixed point iteration may
not be required if the constraint equations and dynamics are being satisfied to the required
tolerance. For the matrix-R formulation, Equation (3.53) can be distilled to an iterable form

as shown in Equation (3.54)

M(Z, p)z{z} — Q(Z, Z’ )\{Z}’ t’ p) (354&)
AU = A1) g(A() o g1 (3.54Db)
f()\{i})

where g(Al}) = (3.54c¢)

FONG + f(AL)) — f(ALD)

The operator o represents the Hadamard product, or element-wise multiplication, of vector
functions f(A{?) and g(At}). In formulations not involving friction, the matrix S is not as
important for calculation of the forward dynamics, but it does play an important role in
sensitivity analysis. However, the addition of friction complicates the system dynamics and

the matrix S contributes significantly to the dynamics.
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3.7 Conclusion

This concludes the review of various multibody formulations. The methodology to compute
the dynamics of multibody systems with joint friction was derived. The theory and back-
ground behind each of the formulation was presented along with the relative advantages
and drawbacks. The challenges presented by the incorporation of joint friction were also
discussed, specifically the requirement to converge the Lagrange multipliers using a fixed
point iteration. In the upcoming chapter, the analytical methodology for sensitivity analysis

of all of the formulations presented here will be derived.



Chapter 4

Computation of Sensitivities using

Direct Differentiation

4.1 Introduction

In the previous chapter, various mathematical formulations for multibody systems with fric-
tion were developed. In this chapter, the equations of motions will be differentiated with
respect to the system design parameters, in order to obtain the equations for the design
sensitivities. The sensitivity of the friction force gives rise to various terms that need to
be evaluated in order to compute the dynamical sensitivities. Also, for non-Lagrangian for-
mulations, the sensitivity analysis of multibody systems with joint frictions becomes quite
complicated. Since friction force is inherently dependent on Lagrange multipliers, it gives
rise to terms related to sensitivities of the Lagrange multipliers. However, different tech-
niques need to be implemented in order to represent these quantities in terms of the other

sensitivities relevant to the formulation.
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4.2 Direct Sensitivity for Index-1 Formulation

The direct differentiation method for sensitivity analsysis using index-3 formulation was
developed by Prof. Ed Haug in 1987 [68]. The direct differentiation method can be applied
to the index-1 formulation that was discussed in the previous section. Dopico et. al. [30]

consider the objective function of the form
tr
to

Here 7p € R°, is a vector of ‘0’ objective functions, whereas w € R° and g € R are the
pointwise term at the final time (hence the subscript ‘f’) and the integrand for each one of

the objective functions respectively. The gradient of the objective function is given by

prT = (Wqdp + Wgdp + Wgdp + Wad, + Wp)f
ty (4.2)
+ / (849p + 849p + 85dp + BN, + 8p) dt
to

In this equation, since w and g are chosen as per the optimization objective, the derivatives
of functions w and g can be computed. It is important to note that in Equation (4.10),
the terms q,, qp, d, and A, are total derivatives with respect to the parameters, unlike
the other terms which are partial derivatives. These are the sensitivities of the dynamical
system with respect to the system parameters. To calculate these sensitivities, Equation (3.7)

is differentiated with respect to each one of the parameters. This step has been represented
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in Equation (4.3).

AR _ dM(q)q  d®q(@)X  d(Q"(a,aA) +Q(a,4,1))

4.3a
dpx dpx dpg dpx (4.32)
d®
T o0, k=12, .., 4.3b

Assuming all of the terms depend on p, the total derivatives can be expanded and rearranged

to give a set of ‘p’ Tangent Linear Models (TLMs).

Md,, + (C+ CY)q,, + [Mqd + ®qq A+ (K +KY)] q,, + (24" +LY)A,,

A .
= ka + ka - Mpkq - (I)QPkT)‘

(4.4a)

Pyq,, — Cqlp, + (Pgqd — CCI)qu = ¢y, — PqpQ (4.4b)

where

= -Qq =-Qq

K4 = —Q" CY = —Qq™"

LA = —Q)\Af Cq = —quqq
Cyq = _‘I)qqq — ‘j:)q anda Cop = _éqpkq

In the Equation (4.4), frictional force vector Q*/, and the corresponding stiffness and damp-
ing matrices K4/, C4/ and L4/ are all dependent on Lagrange multipliers, and hence they
form a set of 7Tnb + m implicit non-linear equations. It has been assumed that ® does not

contain any time-dependent constraints. It is noteworthy that the terms Mgq and (I’Zq}‘
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are tensor-vector products. Essentially, My and ®.4 are three-dimensional matrices where
the n'™ layer along the depth is a two-dimensional matrix formed by the partial derivatives
of the original matrix elements with respect to the n' element in the differentiating vec-
tor. During the tensor-vector product, each of these layers multiplies with a vector as a
matrix-vector multiplication, and the resultant vectors can be arranged sequentially to form

a two-dimensional matrix.

For the solution of Equation (4.4), a set of 2np initial conditions is required.

Ay, }to = dp,0 (4.5a)

Aoy |, = oo (4.5b)

Since the initial conditions have to satisfy the constraints at the initial time, they can be

computed by solving Equation(4.6).

d®
Pk o
4% ' |
G| =0 = Paly 0 =~ (a0 + Ba) dl,, (4.6b)
to

It is important to note that Equation (4.6) cannot be solved by matrix inversion as ®, is
typically a rectangular matrix (mxn). In order get the initial sensitivities, n—m independent
position sensitivities have to be chosen for the Equation (4.6a) and n — m independent
velocity sensitivities have to be chosen for the Equation (4.6b). One approach towards
choosing these independent sensitivities, is to simply add n — m temporary constraints to
the ® vector which specify the initial positions of the independent coordinates. This makes

the Jacobian ®4 an n X n square matrix which can be inverted. Then the values of initial
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sensitivities can be computed by numerical solution techniques such as Newton-Raphson’s
method. Interestingly, this means that initial configuration of the system affects the solution

for the sensitivities.

The sensitivities q,, , d,,, 4,, are not independent of each other. Using a low-order discrete-

time Taylor’s series expansion for the terms q,, and q,,, we have

2

qukrl =dq,, +h-q, + D Ay, (4.7a)

Ao =y, + D b, (4.7b)

where the superindex i represents the i*® time step. Equation (4.4) can be solved for qzk

and )\zk as follows

M &, +LY A,y A (48)
P, 0 Ao B
where
A= ka + kaAf - Mpkq - q)qka)‘ - (C + CAf)qu-

— [Mqél + 44" A + (K + K*)] qp,

and, B =c, — ®q,q+cqdp, — (Pgqd — Cq)dp,

The solutions of Equation (4.8) can substituted in Equation (4.7) to get the position and
velocity sensitivities at every time step. This method is the traditional explicit forward
Euler integration scheme. However, explicit methods are not at all recommended for index-1
formulations due to numerical stiffness issues. This topic will be discussed in more detail

in Chapter 5. It can be observed from Equation (4.8) that the solution for Equation (3.7)
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forms the basis for the solution for the sensitivities.

4.3 Direct Sensitivity for Penalty Formulation

The direct differentiation method for the sensitivity analysis using the Penalty formulation
was first presented by Pagalday [75]. Since penalty formulation for multibody systems uses
the approximate Lagrange multipliers A*, the objective function needs to be modified to

include these variables.

ty
Y =w (qay, 4y, Ay, A}, py) +/ g(q.9,4, X", p)dt (4.9)
to

The gradient of this objective function is given by substituting Equation (3.21) in Equation

(4.9).
d® d® d®
V T — . O " « _ 2 _ 2 _
P Wqdp + Wgdp + WgQp, + Wax (dp + Swdp +w dp) +w,
. . d (4.10)
+/tf ml o andt t d<1>+25 LCRNPEL A
2q4d 2494 249 gx | —— Wa— TW — g
" qHdp qHp qHp A dp dp dp P
where
d® _ . .
dd . . e e W .
do =®4q, + (q)qqq + ®gqq + (I)tq> qp + ((I)qpq + ®goq + q’tp) dp
p (4.11b)
+ (I)qpq + (i)qpq + (;Ptp
doe
— =Pqq, + P, (4.11c)
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Here we define two new terms for convenience

b?: = (cbqqq + @tq) a, + ®q,q + P4

(4.12a)
=®4q, + P,
¢ i= (Paqit + Baq @+ Diq ) 4+ (Papti + Sapi + D1y ) a,
(4.12b)
+ PgpQ + Pgpd + Pip = 284, + Pqqp + Py
Thus we get ®,q' = —b” and ®,q" = —c”. The following simplications were used to obtain
the expressions in Equation (4.12).

Dq = Pyqld — Cq (4.13)
iI;P =®qpq —Cp (4.14)
Cq = _(i)qqq - ‘i)tq (4.15)

cu = (%) 4= o= (),
4 4 (4.16)

=—®,,q9— Py — Pg = 2P,

Cp = _(i)qpq - (i)tp (4.17)

To obtain the expression for the model sensitivities, Equation (3.16) is differentiated with

respect to the model parameters.

dM _dq dQ
g _ 9@

v N 418
dpy, | dpr.  dpx P (4.18)

The derivatives can be expanded and rearranged into p Tangent Linear Models (TLMs)

Md, + Cq, + (K + Mg@)g, + LY X5 = Q, — Mg (4.19)
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The term LA7* is the partial derivative of the friction force Q*/ with respect to the approx-
imate Lagrange multipliers A*. This term can be computed by temporarily assuming the
existence of the Lagrange multipliers in the dynamic equation of motion to calculate the

Jacobian. Thereafter, the Lagrange multipliers can be replaced with Equation (3.21).

The term AJ, represents the sensitivities of the approximate Lagrange multipliers with respect
to the design parameters p. These can be expressed in terms of the sensitivities of the

generalized coordinates and their dervatives as follows

oo
p dp
= ((.I')q + 2§chq + w2q>q)Qp + (‘i)él + Q&Uq)q)qo + (I)qiip (4'20)

+ (O, + 2wdq + w2<1>p)]
Substituting Equation (4.20) in Equation (4.19) we have

(M + L ®4)d, + (C + aL (@4 + 26w®q))d,
(K + Mgij + LY (8 + 26w + w0 ®g))q,  (421)

=Q, — M, — aL* (&, + 26w, +w’®,)

The advantage of penalty formulation is that each TLM is just a system of n equations,
compared to the n+m equations of the index-3 and index-1 tangent linear DAEs. Equations

(4.5) also apply here, which are essentially the initial conditions for the 2°¢ order integration.
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The terms used in Equation (4.21) have been explained below

K= -~ =K+ K"+ g 0(dqq + & + 26wd +w’®)
q (4.22a)
+®Ta((Pgd)q + Pig + 26w(Paql + Prg) + W By)
_ 0Q o
A aQ o Afx T 5 ; ; 2
Qp_a__Qp+Qp —®,a(Pqq + P + 26wP + W P)
P (4.22¢)

- @Za((é’qQ)p + @, + 2wd, + WP,
Mg = Myq + @gq(aq)q('i) + <I>qTa(<I>qqq) (4.22d)

M,d = Mpd + @, (aPqd) + Pga(Pqpd) (4.22e)
where the terms K47 and C4/* are the partial derivatives of Q4* with respect to q and ¢
respectively. The identity &, = <i>q = "I.>q has been used for simplifying Equation (4.21).
4.4 Direct Sensitivity for ALI3-P Formulation

The direct sensitivities of the ALI3-P formulation were derived by Dopico et al. in 2018 [32].
In the Augmented Lagrangian formulation, the cost function should depend on the states q
and their derivatives ¢, q, the approximate Lagrange multipliers A* as well as the Lagrange

multipliers of the projections o and k. Thus we have

ty
'%b:W<Qf7Qf7Qf>)‘}>afaﬁf,Pf)+/ g(q,q,q,A", 0, kK, p)dt (4.23)
to
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The inclusion of o and k was justified by Dopico et al. in 2014. [29]. The gradient of this

cost function with respect to the parameters is given by

P = (Wod +weq' + wgd + Wwar X + woo' + Wik + Wp),
tf (424)
+ / (8qd' + 849" + 844" + gAY + 800’ + guk' +8,) di
to

The terms ¢', ¢/, @ and A* are the solutions of the p Tangent Linear Models, while o’
and k' are the solutions of the p velocity sensitivity projects and p acceleration sensitivity
projections. The TLMs are obtained by differentiating Equation (3.34) with respect to each

one of the parameters.

; o i {3

dm dgr i deg

— q° +—= A +ad
[dl)k 4 dpy, dpy, ( ) (4.250)

. . . . a
. d\* {:} d® {:} dQ {3 dQAf {3
+ @, +oa— = |5 +
dpx dpr it dpy, dpx
[dA*} - {d»} fi-13 e {@} i} o)
dpr |41 dpk | 41 dpr] 14 '
«7 {0} *
{d* } _ {dk } (4.25¢)
dpk n+1 dpk n

where {-}{7=1} represents the i*" iteration index for the convergence of the Lagrange mul-
tiplier and state sensitivities. The quantities @* and A* represent the converged solutions of
the Equation (3.34). All other terms such as M and ® and its derivatives, are all calculated

based on these converged quantities. Similarly the sensitivities of the velocity projections is
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obtained by differentiating Equations (3.42).

_ 7 L}
dP d®} d®, , _ dé
+o —tad, + ®Ta it + (P + 0T ady)y [~k
dpx dpy dpy dpr
- L @ St (4.26a)
dpP _dg* d® d d®
— | SEg P — (o +sa®,) — B} 7l
_dpk dpy, dpy, dpk dpx, Loia
'O IR () iy
[d—"} = d—”} tea |S2 (4.26D)
dpe] i Lokl dpi il
{o} r
[d_a] — d_a] (4.26¢)
dpk n+1 -dlok n

Just like the sensitivities calculated in Equation (4.25), the sensitivites of the projections
of velocities o’ are computed in Equation (4.27) after the convergence of the projections is

achieved in Equation (3.42). The only terms which are non-constant, are the ones marked by

do

s dor and dq Slmllarly, the sensitivities of the acceleration projections

the iteration index ¢, i.e.

can be found by

_ iy _
dp d®} d®, dg dp .
— +¢| —rad, + P A1+ (P +cPgadq),i ] = |—a
dpx dpx dpy de dpk
n+1 n+1
_dgr de) L dr 1 d®eq AP,
+P— — — Yk +ca(P,q+ P i3 + o =y —
dpy dpy ( (®ad )= dﬁk dpy, dpy 1
(4.27a)
_ {3
d {3 d {i-1} dd
{_"‘} _ {_"‘] bea |22 (4.27h)
S PEST V) dow] .|
de 1100 1q
{—”} - {—”} (4.27¢)
dpk n+1 dpk n
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The total derivatives can be expanded in Equation (4.25) and represented as the following

Tangent linear model.

Mt + Cq"t + Kq't + (@] + L)1 = Qf, (4.28a)
n+1

MY = o (@gq T+ @,) (4.28)

AV _ (4.28¢)

K =MG" + ®(A" + a®) + & a®, + K + K/ (4.284)

C=c+c¥ (4.28¢)

Q" =Q,+Q, - —®T (A + ad) - lad, (4.28f)

Similarly, the expanded form of the equation for sensitivities of velocity projections is given

by

(P + s ady), gt = [Pq*' + PG — §) — DL (0 + sad)q

‘ (4.29a)

—®_ (0 +ca®) - (I)E(O',{{i} + gabp)] »
oI = o 4 cad)l) (4.20b)
oY — g (4.29¢)

and the sensitivities of the projected accelerations

) (4.30a)

— @ (k+cad)— @] (T + §acp)] X

n+
r =k 4 cadll) (4.30D)
bV =k (4.30¢)
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For the projections of the velocities and accelerations, the non-iterative approach for the
penalty projections can be implemented. This simplifies the expression as the Lagrange

multipliers for the projections can be omitted.

(P + §<I>ga<I>q) g1 = [P +P/(q" — q) — (q)gqgafi))q’ — @gpgoﬂ) — q)ggabp] (4.31)

(P + géqTaq)q)ql]nH = [Pq" +P(q" —q) — (@quai')q’ — @gpgai) — @Egacp] (4.32)

4.5 Direct Sensitivity for Matrix R Formulation

Similar to the sensitivity computation in the penalty formulation, the cost function defined
in terms of states and design parameters need to be modified to include the independent
coordinates of the matrix R formulation. The direct and adjoint sensitivity analysis for
multibody systems was developed by Dopico et al. [31]. The proposed cost function was a

scalar function of the form given in Equation (4.33)

Y = /t ! 9(q, 4, p) (4.33)

A more general cost function can be assumed, with dependencies on both the dependent
q and independent coordinates z. Explicit dependency on the independent coordinates is
preferred since it ensures efficient computations as the gradient function becomes much more

simplified due to lack of implicit dependencies.

dgdq 0goq\ dz 0g0qdz 8g
/ —— —
v / ((aqaz aqaz> 9407 dp ap> at

. (4.34)
/ 89 8q (9g 8q 7 + @3_qz, 4 @ dt
" dq 0z 301 0z 04 02 op
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A slight change of notation is adopted here so that partial derivatives can be differentiated

from sensitivities. (-)" is the notation adopted by Dopico et al. for denoting dynamic sensi-

tivities. Equations (3.45) can be differentiated with respect to the parameters to obtain the

relations between sensitivities of dependent coordinates and independent coordinates.

q / _(I)p / /

q = = q =Rz - S®,
B 7/
P, b”

q= = ¢ =Rz — Sb”
B 7/
Qq | . c? .. .

q= — ¢ =Rz — Sc”

!

(%128 [ * o= ]

da L 0
q .
= 8_q = =S (Pgqqq + Piq)

Since we have 29 = 24 — R and 2 = 2999 e can conclude
Z 0z ) 0z dq 0z

oq

9 —S (®qqq + ®19) R

(4.35a)

(4.35b)

(4.35¢)

(4.36)

(4.37)
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Using Equations (4.36), Equation (4.34) can be reformulated as shown in Equation (4.38).

ty .
W = /t ((gq - gqsq>q) R7 + gqR#/ + g, ) dt (4.38)
0

For computing the sensitivities, Equation (3.50) is differentiated with respect to the param-

eters

M o 99 Ny o — g (4.39)
dp dp dp

where

Q= Q.7 + Q7 +Q, + QN = -Kz' — Cz —LYXN +Q, (4.40a)
MPz = (M,z' +M,)z (4.40b)
_ 0Q 0Qdq 0Qd¢
K- 29_ _<_Q_q+£_<1)
0z 0q 0z q 0z (4.40¢)
= ~(Qq— Q4SPq)R
_ 0Q 0Q 9q ~
_ IR dkYa 5, 4.40d
C 0z 04 0z QaR (4.40d)
LY = RTLAY (4.40¢)
M,7 = RIMRz + R"M,Rz + R"MR.z (4.40f)
M, % = R"M Rz (4.40g)
Qq =R(Q+Q" —MSc) - R" (K + KA + M,Sc + Ma@_s;:) (4.40h)

Qq = -R" (C+ C*Y + MSc,) (4.401)
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In Equation (4.40), the following simplifications have been used.

dq 0q 0q

0z 05 0z 0 (4-41a)
OX X O

R (4410)

It is evident that the sensitivities with respect to the Lagrange multipliers A are not ap-
plicable to this formulation, since it is a minimal coordinate formulation. Hence, these
sensitivities need to be represented in terms of the independent coordinates. Differentiating

Equation (3.53) with respect to the design parameters p we have

dA . .
N = 5 = sz/ + fiZ/ + fiZl + f}\A/ + fp (442>

Combining Equation (4.39), Equation (4.40) and Equation (4.42), the final expression of the

Tangent Linear Model can be written as
(M + L)% + (C+ LYE)2 + (K + M,z + LYf,)7 = Q, — M,z — LYf,  (4.43)

where

LAY =LA(1-£,)"' = RTLA/(I - £, (4.44a)
Of  (9fdq  Ofdc
f,=—= <——q+——q)
0z  \0qdz q Oz (4.44b)

— (fa — fS®q )R
g Of _0fdq _
0z 0q0z
o _of _ otoq _
“ 0% 0q0z

f,R (4.44c)

f.R (4.44d)
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Equation (4.43) is subject to the following initial conditions

Zp‘to = Zp0 (4.45a)

Zp),, = Zpo (4.45b)

These initial sensitivities in Equation (4.45) are assigned based on the physical interpretation

of the independent states as chosen by the user.

4.6 Conclusion
This chapter covered the derivation of the direct sensitivity analysis methodologies for

1. Index-1 formulation
2. Penalty formulation
3. Augmented Lagrangian formulation

4. Matrix-R formulation

The real application of the sensitivities calculated using any of the above formulations is
gradient based design optimization. However, such an optimization study is out of the scope
of this work. In the next chapter, the dynamics and sensitivities of a spatial mechanism will

be computed using Index-1 formulation.



Chapter 5

Case Study : Spatial Slider Crank

Mechanism

In the previous two chapters, the theory of modeling friction in multibody dynamic systems
and the subsequent sensitivity analysis of such systems was developed using different math-
ematical formulations. In this chapter, this theory has been applied to obtain the design
sensitivities of a spatial slider crank mechanism. The objective of this study is to analyze

the effect of friction on the dynamics and model sensitivities.

5.1 Problem Description

The model has been adapted from Haug (1989) [47] where the kinematic analysis of the
mechanism has been presented. However, for the purpose of dynamic analysis, the body-
fixed reference frame on the crank has been relocated to its center of gravity. Also, the joint
between the connecting rod and slider has been modeled as a single universal joint, unlike
the two separate constraints used in Haug (1989) [47]. Two models of this mechanism were
created in MATLAB® using the Symbolic Math Toolbox™. The first model is frictionless
(Model 1), while the other (Model 2) has been implemented with friction at the slider-
ground interface. The Brown and McPhee friction model has been used for this study. The

parameters of the model can be seen in the table below. The dynamics and sensitivities have
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Table 5.1: Brown and McPhee friction parameters

Parameter Symbol Value

Coefficient of static friction s 0.5

Coefficient of dynamic friction 0.3
Transition velocity

vy =10h 0.01 m/s

5

been computed for both models moving under the action of gravity. The model schematic

can be seen in Figure 5.1. The dimensions represent the configuration of the model at the

moment of its initialization in the numerical simulation.

frictional surface

Figure 5.1: Slider-crank mechanism schematic.

5.2 Model Description

Models 1 and 2 both have identical kinematic constraints. The four bodies, in order, are:

crank, connecting rod, slider, and ground (base-link). These bodies have been assembled
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Table 5.2: Kinematic constraints

Joints Bodies # Constraints
Revolute joint Crank-Ground 5t
Spherical joint Crank-Connecting rod 3
Universal joint Connecting rod-Slider 4
Translational joint Slider-Ground 5
Ground constraints 6
Euler normalization constraints 4

DOF =28-27=1 nh = m = 27

with 4 joints, yielding a total of 17 kinematic constraints. The absolute constraints for
ground position and orientation and the Euler parameter normalization constraints form the
remaining 10 constraints. These constraints have been summarized in Table 5.2. ‘nh’ is the
symbol used for the number of holonomic constraints in the model. This model was chosen

for its simplicity, despite being a spatial mechanism.

The mechanism is deliberately initialized in an unstable configuration, so that it would move
under the action of gravity (¢ = 9.81 m/s?). A Rotational Spring Damper Actuator (RSDA)
has been added at the crank-ground joint. For, this study however, this RSDA element is
acting as a pure viscous damper with a coefficient of 0.01 N-m-s, to dissipate the energy
in the system. For further studies, a time-dependent actuator constraint can be applied
through this RSDA. As mentioned previously, Model 2 also has friction at the slider-ground
interface. For simulation purposes, approximate mass and inertia of the linkages have been

assumed. These parameters of the models have been summarized in Table 5.3.
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Table 5.3: Dynamic parameters

Link Mass (kg) Inertia (g-m?

Crank 0.0771 [0.1644,0.01644, 0.164]T
Connecting Rod 0.2663  [0.19976,1.997,1.997]"
Slider 0.2 [1.5,1.5,1.5]"
Ground 20 10, 10, 10]T

5.3 Numerical Solution and Results

As discussed in Chapters 1 and 2, Index-1 formulations tend to be very stiff due to the pres-
ence of second derivatives of the constraint equations. Hence, explicit integration schemes
do not work well with these formulations. To demonstrate this behavior, let us consider a
simple forward Euler integration scheme for the dynamics solution. The derivatives obtained

using Equation (3.10) can be integrated using Taylor’s expansion as follows.

2

q™ :qi+h-qi+7~qi (5.1a)

Q=+ h g (5.11)
The initial conditions for Equation (5.1) are given by

q}to =qq (5.2a)

al, = (5.2b)
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Since the initial conditions (i = 0) in Equation (5.2) have to satisfy the constraints at the

initial time, they can be computed by solving the following equations

B, =0 = @y, a= 9|, (5.3a)

(i)|t0 =0 = (I)q|t0 q=—(Pgqq + Pq) Q‘to (5.3b)

The generalized coordinates obtained for a particular iteration ¢ using Equation (5.1) can

be used to compute the Lagrange multipliers for iteration ¢ + 1.

Although, this integration scheme seems plausible, it is almost certain that the constraint
Jacobian matrix will become rank deficient at some point during the integration process.
This occurs as index-1 formulation only attempts to satisfy the second derivative of the
constraint equation in time. A small numerical error in the acceleration constraints ®, even
if it is constant, can amplify to such an extent in time that the position constraint equations
® can no longer be satisfied. This error amplification in time can be better explained using

Equation (5.4).

d=c (5.4a)

= ® =€t +tcittocy (5.4b)

where ¢; and ¢y are constants of integration. From Equation (5.4) it can be inferred that if
no corrective action is taken, then the error grows linearly in time for the velocity constraint
equations and quadratically in time for the position constraint equations. This can be
observed very clearly in the simulation results. Fig. 5.2, is a plot of the root mean squared

error in the acceleration constraint equations. As it can be seen in the plot, the error is
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periodic in nature, but the range is more or less constant. Also worth noting, is this error

has an order of magnitude of 1074,

165 10714 RMS error in acceleration constraints
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Figure 5.2: RMS error in acceleration constraint equations (®;.,s)

Despite the error in acceleration constraints being numerically insignificant, the error in
velocity and position constraints is very pronounced as it can be seen in Figs. 5.3 and 5.4
respectively.
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Figure 5.3: RMS error in velocity constraint equations (®,.,s)

The linearly and quadratic nature of the constrain error is clearly visible in the plots for

velocity and acceleration constraints. These plots were obtained by simulating Model 1 with
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RMS error in position constraints
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Figure 5.4: RMS error in position constraint equations (®,.,s)

no viscous damping at the crank joint. Effectively such a system should give an oscillatory
response lasting indefinitely as there are no energy leaks from the system. However, due to
the error in the constraints the system response diverges from this behavior. Fig. 5.5 shows

the crank position as a function of time.

Crank location y,
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Figure 5.5: Drift in crank location due to error dynamics.

In order to fix this, an implicit integration scheme has to be implemented. For this case
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study, an implicit trapezoidal integration scheme has been used. Given a system governed

by Equation (5.5)

y =f(t,y) (5.5)

the integration can be expressed as in Equation (5.6)

) ) 1 o ) )
yz+1 — yz T §h (f(tz yz) 4 f(terl yz+1)) (56)

The appearance of the term " on both sides of the equations is what makes this algorithm
an implicit one. The implementation of this scheme to compute the time history for a

multibody system modeled using index-1 formulation is given in Algorithm 1.

Algorithm 1: Implicit trapezoidal integration.

fort <ty do

[&; A] = f(t,q,q,A);

save q,q, q and X\ against current time t;
Qpred = 4 + hq+0.25 h? q;

qpred =q+05hq;

i=0, error = 1;

while error > tolerance and ¢ < 1,4, do
a4 = Qpred + 0.25 h? q7

q= qpred +0.5hq;

qQ =q;

(@ A] = f(t,q,q,N);

error = 0.25 h?norm(q — q*);
i=i+1;

end

end

Multibody systems are inherently second-order systems. However, integration schemes are

defined for first order systems, and higher order systems first need to be converted to a first-
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order system in order to be solved. This conversion has been performed within Algorithm 1
itself. Also, since index-1 formulation is a DAE and not an ODE, the Lagrange multipliers

also need to be separated before integration.

Figs. 5.6, 5.7 and 5.8 show the RMS error in acceleration, velocity and position constraints
respectively using implicit trapezoidal integration scheme.

10714 RMS error in acceleration constraints
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Figure 5.6: RMS error in acceleration constraint equations (érms)
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Figure 5.7: RMS error in velocity constraint equations (®,.,s)

As it can be inferred from the plots, the error stays bounded if an implicit trapezoidal

integration scheme is used. For comparison with forward Euler integration scheme, the
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Figure 5.8: RMS error in position constraint equations (®,.,s)

crank position has be re-plotted using the implicit trapezoidal scheme in Fig. 5.9.
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Figure 5.9: Crank position history using implicit trapezoidal integration scheme.
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5.4 Results: Dynamic Analysis

This section discusses the results of the dynamic analysis. Models 1 and 2 were simulated
till an equilibrium configuration is reached. Since Model 2 implements friction, it reaches
equilibrium relatively faster than Model 1.

As it can be seen in Figure 5.10, both models start in the same initial configuration and

Position of slider

0.29
0.27 1
Eo025"
$0.23"
021} —Model 1-
0.19?-*_\‘— il o _"/\, | | | | _\_.Mowdel 27
0 01 02 03 04 05 06 07 08 09 1 1.1 1.2
Time (s)

Figure 5.10: Slider position time history.

hence they achieve the same minimum position. As expected, Model 2 lags Model 1 by about
0.3 seconds in reaching this configuration, since friction is dissipating the potential energy of
the mechanism. From the slider velocity history in Figure 5.11, it can be observed that the
peak slider velocity in Model 2 is about 36 % less than that in Model 1. This overall sluggish
behavior of Model 2 continues in the acceleration plots in Figure 5.12. The acceleration

peaks, in forward and reverse directions, have a smaller magnitude than in Model 1.

Figure 5.13 plots the normal force between the slider and the ground. This graph highlights
a very peculiar detail about Model 2. Since friction always acts opposite to the direction of

motion, during the initial 0.4 seconds, the direction of frictional force is along the positive
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Figure 5.11: Slider velocity time history.

X direction. This creates a tension in the connecting rod, which in turn tries to pull the
slider up above the ground link. Hence, during this phase, the normal force seen in Model
2 is lower than that in Model 1. However, at t = 0.4 seconds, the slider direction of motion
reverses. After this point the friction force acts along the negative X direction, as seen in
Figure 5.14, which in turn compresses the connecting rod. Hence, the rod pushes down
on the slider, subsequently increasing the friction and thereby leading to an exponential
increase in the normal force. As the slider gains velocity, a sudden drop in the friction force
and consequently in the normal force is observed, which is attributed to the transition from
the static coefficient of friction to the dynamic coefficient. Further gradual decrease in the
normal force is due to the change of orientation of the connecting rod link as the slider moves
forward, thereby leading to a reduced component of the rod compression being transferred
to the slider. The final jump in the friction force and normal force is due to the slider coming

to rest. Hence, the coefficient of friction shifts back from dynamic to the static phase.
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Acceleration of slider
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Figure 5.12: Slider acceleration time history.

5.5 Results: Sensitivity Analysis

For sensitivity analysis of the spatial slider-crank mechanism, a few physically meaningful
parameters must be chosen. Additionally, these parameters must be such that they can be
engineered to meet a certain performance criteria. Naturally, the choice of these parameters
depends on the objective function 1 chosen in Equation (4.1). For the scope of this study

the parameters included in Table 5.4 were chosen. From Table 5.4, Model 1 uses only the

Table 5.4: Sensitivity parameters

Parameter Symbol
Crank length 1
Connecting rod length P2
Coeftficient of dynamic friction pg4 03
Coefficient of static friction us n
Transition velocity v, Ps

first 2 parameters. Since it has no dependence on dynamic and static friction coefficients,

nor on the transition velocity, it has zero sensitivities with respect to those parameters. Also,
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Figure 5.13: Slider-ground joint normal force time history

it can be observed that the masses of linkages will depend on these parameters and hence
the inertia matrix ‘M’ will be a function of these parameters. For this study however, the

masses and inertia of the links have been assumed to be constant.

Regarding model sensitivities, it is noteworthy that these time-dependent quantities are
difficult to interpret on their own. The magnitudes of sensitivities give some insight into
which parameters have the most impact on the model dynamics of interest. However, the
most practical use of the computed sensitivities is in the evaluation of the gradient function

V¢ in Equation (4.10).

In this study, the dynamic quantity that has been considered for the purpose of sensitivity
analysis is the slider velocity as it is a critical design parameter for many applications.
Consequently, the sensitivities of the slider velocity with respect to the design parameters
has a significant importance. The slider velocity sensitivity has been plotted with respect to
the crank length (p;) in Figure 5.15. From Figure 5.15, it can be concluded that Model 2 is
more sensitive to the crank length as compared to Model 1. Interestingly, the sensitivities

peak for both models when the slider tends to reverse its direction of motion. While the
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Figure 5.14: Friction at slider-ground joint interface

exact values of the sensitivities are not relevant for this analysis, the order of magnitudes
is worth noting. This will be useful for comparing sensitivities with respect to different
parameters. In Figure 5.16, the sensitivity of slider velocity with respect to the connecting
rod length has been plotted for both models. As it can be seen, the sensitivity of slider
velocity with respect to rod length is significantly lower than that with respect to crank
length at all times. This implies that slider velocity is much more sensitive to crank length
than it is to rod length. This is exactly as one might expect. The slider velocity depends on
the stroke length, which in turn depends on the crank length. In case of a two-dimensional

slider-crank mechanism, the stroke length is completely independent of the connecting rod
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Slider velocity sensitivities w.r.t. crank length
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Figure 5.15: Slider velocity sensitivities w.r.t. crank length

length. However, this being a spatial mechanism, the stroke length is dependent on the
connecting rod length to some extent, and hence those sensitivities can be observed. In
conformance with the crank length sensitivities, the connecting rod sensitivities also peak

when the slider changes direction.

Since Model 1 does not depend on friction parameters, sensitivities with respect to them
can be observed only in Model 2. Figure 5.17 shows the sensitivities of the slider velocity
with respect to the friction model parameters for Model 2. It can be observed that the
slider velocity is more or less equally sensitive to all of the friction parameters, with high
sensitivities being observed when the slider changes direction of motion similar to other
sensitivities. It is worth noting however, that the slider velocity is marginally more sensitive
to the chosen transition velocity v; than to the coefficients of friction ug and pg. Thus, it can

be concluded that the slider velocity is most sensitive to the crank length, given the current
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Slider velocity sensitivities w.r.t. rod length
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Figure 5.16: Slider velocity sensitivities w.r.t. rod length

mechanism geometry and dynamic parameters.



5.5. RESULTS: SENSITIVITY ANALYSIS 91

Slider velocity sensitivities w.r.t. friction
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Figure 5.17: Slider velocity sensitivities w.r.t. friction



Chapter 6

Conclusions and Future Scope

6.1 Summary of Key Contributions

This concludes the work for direct sensitivity analysis of multibody systems with joint fric-
tion. As a future scope for this work, sensitivity methodologies can be developed using
more robust and computationally efficient multibody formulations. Also, since direct sen-
sitivity approach is practical only for a small number of parameters, the adjoint sensitivity
approach can be developed for systems with joint friction. Brown and McPhee model for
friction is excellent when it comes to representation of friction in joints of dynamic systems,
and it works well with numerical simulations due to its continuously differentiable attribute.
However, other simpler friction models can be explored, if the application demands faster

computations such as real-time control.

6.2 Future Scope

6.2.1 Adjoint Sensitivity Analysis

The direct sensitivity methodology presented in this thesis is just one of the many different
approaches for design optimization. This method is particularly useful for sensitivity analysis

of a high-dimensional problem or complex systems with several bodies which consequently
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have a high number of states with respect to a small number of parameters. However, the
problem statement might be the other way around. There are cases when the number of

parameters is relatively large, and this makes the direct sensitivity approach inefficient.

It makes more sense to handle such cases of sensitivity analysis using the adjoint method.
Errico has published a great article on the topic, citing the origins of the adjoint method in
meteorological weather prediction studies. Cao et al. have presented the adjoint sensitivity
method for differential algebraic equations . The optimization problem for a general DAE

system can be defined as

mpin G(x,p) :/o g(x,t,p)dt (6.1a)
subject to: F(x,%,t,p) =0 (6.1b)
x(0) = xo(p) (6.1¢c)

Since the residual of the system F'(x,X,t,p) is zero, a new objective function can be defined

using the adjoint (conjugate transpose) of a new set of Lagrange multipliers.
T
I p) = Glxp) = [ XFxt,pi (6.2
0

Differentiating with respect to the parameters p, we have

dc  dI r T .
E = @ g ; (gp —|— ngp>dt — ; A (Fp + FxXp + F)'(Xp + FxXp)dt (63)

using integration by parts we have

G

T T
P / (gp — X" Fp)dt — / [—gx + XN Fy — (XN F) Jxpdt — (N Faxp) o (6.4)
0 0
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It is generally difficult to evaluate the sensitivities x,. Also, it is easier to evaluate the initial
condition (xp at ¢t = 0), rather than evaluating x,, at a future point in time (x, at t = T).
This is where the main performance improvement comes for the adjoint sensitivity method.
We avoid calculating these values by choosing the appropriate value of the the Lagrange

multipliers though the adjoint equation.

We can set the coefficient of x, to zero and also A* at ¢ =T as zero. Thus we have

(A*FX)/ - A*Fx = —0x (65)

This equation is known as the adjoint equation, and is used to compute the appropriate

value of A. Finally the sensitivity simplifies to

dG 4 , \
0
Thus in order to compute the sensitivity, the system F(x, X%, ¢, p) has to be solved forward in
time to obtain the trajectories of x, and then the adjoint model needs to be solved backwards

in time from the user defined initial condition A* at t = T is zero to obtain the trajectory of

A

The equations discussed are applicable for a simple case of index-1 or index-0 DAE systems

and the assumptions made do not hold of index-2 and up DAE systems.

As one can see from the equations, the model can be solved for arbitrarily large number
of parameters without a significant loss in computational efficiency as there is no need to

compute the state sensitivities x, as in direct sensitivity analysis.

As a future scope, the adjoint sensitivity analysis methodology can be developed for all the
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formulations discussed in the thesis.

6.2.2 Design Optimization

No design optimization case study was included in this work. However, in order to truly
appreciate the concept of sensitivity analysis, it is important to discuss its application to de-
sign optimization. Zhu et al. presented optimization studies for the Iltis Bombardier vehicle
(98, 99, 101] where performance criteria such as ride as measured by vertical acceleration,
and handling as measured by roll rate were optimized. However, all of these models were
implemented using frictionless suspension systems. It would be interesting to see the effect of
friction, especially its impact on the damping coefficients since friction would aid the energy

dissipation in the suspension system.

6.2.3 Control and Friction Compensation

Substantial work has gone into control of dynamical systems with friction [2, 3, 4]. In the
spatial slider crank case study that was discussed in this thesis, the terms on the right
side of Equation (3.10) only comprised of the gravitational and damping forces. However,
one of the primary reasons of modeling dynamical systems is in order to control them and
achieve the required dynamic trajectory through control forces. For this reason, the terms on
the right side will most likely be some form of full-state feedback or output control efforts.
The control forces are governed by parameters, such as controller gains. The sensitivity
analysis and optimization of the system with respect to these control parameters needs to be
addressed in the future scope of this work. The reader may refer to the book by Wierzbicki

[93] for these studies.
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Appendix A

Key Formulas

A.1 Vector Algebra

o Tilde operator

0 —a, ay
a= a, 0 —ay
—Qy 0
e (Coordinate transforms
/
s = As
s =ATs
r’ =r+ As

o Euler parameter matrices

E=|—e é+¢l| € R™

G=[—-e —é&+e¢l] eR™

A = EGT

112

(A.1)

(A.2)
(A.3)

(A4)



A.2. VECTORS AND MATRICES FOR DYNAMICS 113

A.2 Vectors and Matrices for Dynamics

For the following equations, the body fixed reference frame =’ — ¢y’ — 2z’ should be located at
the center of mass of the body. The external forces have to be applied in the global frame of
reference © — y — z while the torques should be applied about the body-fixed reference axes

-y =2,

Generalized coordinates

T
q= [r? r?;b PlT pgb] (A.8)

e Constraint vector

@kinematic
b = (Dabsolute (Ag)
‘I) Euler
e Inertia matrices
J; = dlag( :/t’:t’? :;/y/, ;/Z/) (A10>
diag(mqIs, ..., myl 0

M — g( 13 b 3) (A11)

External forces and torques

Fi=[F} F* FA' (A.12)

F' = [F{T ... FA)° (A.13)

r —x

T# = 2G/'n* + 8GJ;G,p;] where nf*=[nZ_ ., ni_, nd /]T (A.14)
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T = [T{" ... T

Q= [FAT TAT}T

A.3 Kinematic Holonomic Constraints

Orthogonal contraint of the first form

o (a;,a;) =aja; =0=a; AfAja’ € R

1

Orthogonal constraint of the second form

(I>d2(az~, dZ]) = adeij =0€ R where dij =Ty + AjS;» —r; + A7,S;

Spherical constraint

®° (P, P)) =1;+ Ajs —r; — As” =0 € R

Distance constraint (for non-zero distances only)

(P, P;,C) =djid;; —C*=0€R

Parallelism constraint of first form

®L(f; T,
®" (h;, h;) = (£ ;) —0eR?

CDdl (g27 h])

(A.15)

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A.21)



A.3. KinNemaTtic HoLonomic CONSTRAINTS

Parallelism constraint of second form

Universal joint

Revolute joint

Cylindrical joint

Translational joint

¢p2(hi, di]) =

¢S pZaP
o | TER)
®? (h;, h;))
®°(P, P;
o | TPP)
&' (h;, h;)
®”' (h;, h;
o | by

(I)d2 (fz, dzj>
P2 (giv dij)

=0eR?

=0eR?

=0eR’

=0eR*

=0eR®
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(A.23)

(A.24)

(A.25)

(A.26)



Appendix B

Vectors used in Case Study

Counstraint vector

T] — X2+ 04 —

24 — 23 —

014

015

016

0308 — 01101 — 01202

P10O11
2

Y1 —y2 + 278 4 0¢

o
21— 20+ BL712 — o3

T2 —x3 + 04
Y2 — Y3 + 06

Z9 — 23 — 05

0307 — 0901 — 01002

o17

_ 2e40€43 2e4 e42
Y4 —ys+ T + T

2e40 €42 2e41 €43
5 + 5

018
g19
T4
Ya
z4
€41
€42

€43

e10? +e11? +en? +ez? —1
e20? + €212 + e22? + €232 — 1
e302 +e312 +e32? +e33? — 1

e10? +ea1? +ean? +es3? -1
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where

01 = ea0? + es1? — eq2? — es3?

2eq0 €42 — 2 €41 €43

02

03 = 2eq0 €43 + 2 €41 €42

2 2 2 2
P2 (620 +e21”—ez2” —ea3 )

o4 = 5
_ p2(2e20€e22—2€21 €23
o5 = ( 2 )
_ p2(2eg0ea3+2e2y a2
o6 = ( 3 )

o7 = e30% — e312 + e32% — es3?
os = e102 —e112 + e12? — e13?
09 = 2e3pe33 — 2e31 €32

010 = 2e30 €31 + 2e32 €33

o011 = 2e10e€13 — 2€11 €12

o012 = 2e10€11 +2e12€13

6eqpe eqp e eq1 e 6eqq e o
013 = X1 — T4 — 4205 42 + 40 €43 41 €42 41 €43 +P1211

5 5 25
2 2 2 2
_ _ €40 6 eq0 €41 €e41” _ e42” _ bespeys €a3 _ _ p1os
o1 =-" t 73t 10 10 35 T 10 TV Y4 2
2 2 2 2
ol5 = 736%0 _ 6405641 + 362451 + 3624%52 _ 6425643 _ 362453 By i <2712

_ 2 2 2 2
016 = (2e10e12 +2e11 €13) 01 — 02 (€10 — €112 — e12? + e13%) — (2er0 €11 — 2e12 €13) 03

o17 = (2e30 e32 + 2e31 e33) 01 — 02 (e30% — 312 — €32% + e33%) — (2e30 €31 — 2e32 €33) 03

o18 = 010 (ea0? — ea1?

019 = (2e30 e33 + 2e31 e32) (€202 — €212 + e22? — e232) — (2eag €23

—2e21 €22) (€302 + €312 — e322 — e332) — (2e20 €21 + 2 €22 €23) (2e30 e32 — 2 €31 €33)

—e42? + e43?) — (2eq0 €41 — 2e42 e43) 07 — 09 (240 e42 + 2 e41 €43)
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¢ Generalized force vector

—gma2

—0o1

—gms3
o1
0
—gmy

22 -2 .2
e10 (8 J1,1 €3, +8J1,2€25 +8J1,3¢2,) —e11 021 — e12 022 — €13 023 + 4ceq1 o2

Q+QAf = (B.2)

e11 (8J1,1 €3+ 8J1,3€2, +8J1,2€2,) —e10021 — e12 024 — €13 025 — 4ceig 02
e12 (81,263, +8J1,3¢€2, +8J1,1€25) —e10022 — €11 024 — €13 026 — 4dce13 o2
2 €10 3 €11 1€13
e13 (8 J1,3€2) +8J1,2€2) +8J1,162,) —e10023 — e11 025 — €12 026 + 4 ce12 02
8.J2,1 €3, +8J2,263, +8J23€25) — - -
€20 2,1 €51 +8J2,2 €5, 2,3 €33) — €21 015 — €22016 — €23 017
8.J2,1 635 + 8 J2,3 62, +8J2262,) — - -
e21 2,1 €59 2,3 €59 2,2 €53) — €20 015 — €22 018 — €23 019
8 J2,263, +8J2362 +8J2162,) — - -
€22 2,2 €59 2,3 €51 2,1 €53) — €20 016 — €21 018 — €23 020
e23 (8 J2,3€2) +8J2,263; +8J21€3,) —e —e —e
23 2,3 €39 2,2 €51 2,1 €59 20017 — €21 019 — €22 020
83,163, +8J3,263, +8J33¢2;) — - -
€30 3,1 €31 3,2 €39 3,3 €33) — €31 09 — €32010 — €33 011
8J3.162, +8J3362, +8J3262,) — — e -
€31 3,1 €39 3,3 €35 3,2 €33) — €30 09 — €32 012 — €33 013
8J3,263, +8J3362 +8J31¢62,) — - -
€32 3,2 €3¢ 3,3 €37 3,1 €33 €30010 — €31012 — €33014
e33 (8 J3,3€2) +8J3263; +8J31€3,) —e —e —e
33 3,3 €3¢ 3,2 €31 3,1 €39 30011 — €31 013 — €32 014

eq0 (8 J4,1 éil +8J42 é4212 +8J43 éig) —e4103 —e4204 —eq305 —4dceqy 02

ea1 (8Ja,1 620 +8Ja 32, +8J4262;) — es003 — es2 06 — eag o7 +4dceso o2
€42 (8 Ja,2 éﬁo +8J43 éﬁl +8J41 é4213) — e40 04 — €41 06 — €43 08 +4ceq3 02

52 52 52
€43 8]4,3 €10 + 8J472 €41 + 8J411 €)10) —€4005 — €41 07 — €42 08 — 46642 o2
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where

o1 = | patanh (48) - nleamen) | \ATEINE

. )
P6 @
343
po 1otz +3)

€10 €11 — €11 €10

o2

03 =8J4,1 €40 €41 — 8J4,2 €42 €43 + 8 J4 3 €42 €43

04 = 8J4,2€40 €42 + 8 J41 €41 €43 — 8 J4,3 €41 €43

o5 = 8J4,2€41 €42 — 8 J4,1 €41 €42 + 8 J4,3 €40 €43

06 = 8Ju,2 €40 €43 — 8 Ja,1 €40 €43 + 8 J4,3 €41 €42

o7 = 8J4,1 €40 €42 — 8 J4,3 €40 €42 + 8 Jy,2 €41 €43

08 =8Ja,3 €40 €41 —8Ja,2 €40 €41 +8Ja1 €42 €43

o9 = 8J3,1€30€31 —8J3,2€32 €33 + 8 J3,3€32€33

010 = 8 J3,2 €30 €32 + 8 J3,1 €31 €33 — 8 J3,3 €31 €33

011 = 8 J3,2 €31 €32 — 8J31 €31 €32 + 8 J3,3 €30 €33

012 = 8J3,2 €30 €33 — 8 J3,1 €30 €33 + 8 J3,3 €31 €32

o013 = 8.J3,1 €30 €32 — 8 J3,3 €30 €32 + 8 J3,2 €31 €33

014 = 8J3,3 €30 €31 — 8 J3,2 €30 €31 + 8 J3,1 €32 €33

o015 = 8.Ja,1 €20 €21 — 8 J2,2 €22 €23 + 8 J2 3 €22 €23

016 = 8 J2,2 €20 €22 + 8 J2,1 €21 €23 — 8 J2,3 €21 €23
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o017 =8 J2,2 €21 €22 — 8 J21 €21 €22 + 8 J2 3 €20 €23
o018 = 8 J2,2 €20 €23 — 8 J21 €20 €23 + 8 J2 3 €21 €22
019 = 8 J2,1 €20 €22 — 8 J2 3 €20 €22 + 8 J2 2 €21 €23
020 = 8 J2,3 €20 €21 — 8 J2 2 €20 €21 + 8 J21 €22 €23
o021 =8J1,1€10€11 —8J1,2€12 €13 +8J1,3¢€12 €13
022 =8 J1,2€10€12 +8J1,1 €11 €13 — 8J1,3€11 €13
023 =8J1,2€11 €12 —8J1,1 €11 €12 +8J1,3¢€10¢€13
024 =8J1,2€10€13 —8J1,1 €10 €13 + 8 J1,3 €11 €12
o025 =8J1,1€10€12 —8J1,3€10€12 +8J1,2€11 €13

o026 =8J1,3€10€11 —8J1,2€10€11 +8J1,1 €12 €13

e Frictional force

O6x1
o1
QY = 02 (B.3)
a1

O18x1

where

g1 = P4 tanh (%) — 7i3 (e;7p5> 5 vV )\142 =+ /\152

@
(%343
ro (oip+3
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