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Abstract

This thesis deals with the study of two problems in the area of nonlinear dynamics using

the method of multiple scales. Accordingly, it consists of two parts.

In the first part of the thesis, we explore the asymptotic stability of a planar two-degree-
of-freedom robot with two rotary (R) joints following a desired trajectory under feedback
control. Although such robots have been extensively studied and there exists stability
and other results for position control, there are no analytical results for asymptotic stabil-
ity when the end of the robot or its joints are made to follow a time dependent trajectory.
The nonlinear dynamics of a 2R planar robot, under a proportional plus derivative (PD)
and a model based computed torque control, is studied. The method of multiple scales is
applied to the two nonlinear second-order ordinary differential equations which describes
the dynamics of the feedback controlled 2R robot. Amplitude modulation equations,
as a set of four first-order equations, are derived. At a fixed point, the Routh-Hurwitz
criterion is used to obtain positive values of proportional and derivative gains at which
the controller is asymptotically stable or indeterminate. For the model based control, a
parameter representing model mismatch is incorporated and again controller gains are
obtained, for a chosen mismatch parameter value, where the controller results in asymp-
totic stability or is indeterminate. From numerical simulations with gain values in the
indeterminate region, it is shown that for some values and ranges of the gains, the non-
linear dynamical equations are chaotic and hence the 2R robot cannot follow the desired

trajectory and be asymptotically stable.

The second part of the thesis deals with the study of the nonlinear dynamics of a rotating
flexible link, modeled as a one dimensional beam, undergoing large deformation and with
geometric nonlinearities. The partial differential equation of motion is discretized using

a finite element approach to yield four nonlinear, non-autonomous and coupled ordinary

v



differential equations. The equations are non-dimensionalized using two characteristic
velocities — the speed of sound in the material and a speed associated with the trans-
verse bending vibration of the beam. The method of multiple scales is used to perform
a detailed study of the system. A set of four autonomous equations of the first-order are
derived considering primary resonance of the external excitation with one of the natural
frequencies of the model and one-to-one internal resonance between two different natural
frequencies of the model. Numerical simulations show that for certain ranges of values of
these characteristic velocities, the slow flow equations can exhibit chaotic motions. The
numerical simulations and the results are related to a rotating wind turbine blade and
the approach can be used for the study of the nonlinear dynamics of a single link flexible

manipulator.

The second part of the thesis also deals with the synchronization of chaos in the equa-
tions of motion of the flexible beam. A nonlinear control scheme via active nonlinear
control and Lyapunov stability theory is proposed to synchronize the chaotic system.
The proposed controller ensures that the error between the controlled and the original
system asymptotically go to zero. A numerical example using parameters of a rotating

power generating wind turbine blade is used to illustrate the theoretical approach.
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Chapter 1
Introduction

Calling the subject "nonlinear dynamics” is like calling zoology nonelephant studies —

Stanislaus Ulam

This thesis deals with the study of two problems in the area of nonlinear dynamics. The
common theme in both the problems is that they involve equations of motion, which for
particular values of parameters of the physical system lead to chaos. In the first problem,
we deal with a planar two-degree-of-freedom robot, moving on a horizontal plane under
feedback control and modeled by nonlinear ordinary differential equations (ODEs). We
identify regions and values of controller gains where the motion is not asymptotically
stable and the robot equations can exhibit chaos. For such gains the robot is not asymp-
totically stable for trajectory following task and these results gives us more insight into
unsolved problem of trajectory following and robustness of feedback control of nonlinear
robots. In the second problem, a rotating flexible link, modeled as a beam undergoing
large deformation and with geometric nonlinearities is studied. The partial differential
equation of the rotating beam is discretized using a finite element method and parameter
values are identified for which the nonlinear ordinary equations exhibit chaos. In the last
part of the thesis, a control method to synchronize the chaotic oscillations of the rotating

flexible link is presented.

The two problems mentioned above are studied using the method of multiple scales
(MMS). There exists significant amount of literature on use of MMS for two- and three-
dimensional nonlinear dynamical systems. The literature on nonlinear systems modeled

with four ODEs are less and in this work, we present use of MMS on such systems.
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Extensive numerical simulations have been performed to illustrate the theory developed

and some of the analytical conditions developed in this thesis.

As this thesis deals with chaotic systems, we begin this Chapter with a brief intro-
duction to chaotic systems and the tools that are used to identify chaos. Then we present
in brief the classical method of multiple scales and give a brief description of both the
problems with a review of existing literature on these problems. We end this Chapter

with the contributions of this work and an outline of the thesis.

1.1 Chaotic Systems

Chaos is described as complex behavior of seemingly simple deterministic systems where
the time evolution of such system are sensitive to small changes in the initial conditions
and parameter values. Initially nearby trajectories deviate considerably with time and
this makes future prediction of the system impossible. A key element in all chaotic sys-

tems is nonlinearity and chaos is exhibited only by nonlinear systems.

Almost all natural systems are nonlinear and chaos has been observed in systems
ranging from chemical, biological, mechanical, electrical, communication and is thought
to exist even in economic and financial systems [1-7]. Mathematical models of non-
linear systems in the form of ordinary, partial differential equations or iterative maps
contain nonlinear terms and many of them exhibit chaos. In mechanical systems, among
others, the nonlinearities arise from Coriolis, centripetal and gravity terms in equations
of motion of a multi-body system, nonlinear constitutive stress-strain relationships in
deformable objects, various kinds of friction between contacting bodies and large defor-
mations in flexible objects modeled as beams, plates and shells [8-15]. In this thesis,
we look at two kinds of nonlinearities. The planar two-degree-of-freedom robot contains
nonlinear Coriolis and centripetal term in its equation of motion and, in addition, it
contains nonlinear terms arising out of the use of model-based control for trajectory fol-
lowing. In the second problem of the rotating flexible link, the nonlinearity comes from
large deformation which leads to a nonlinear stiffness term in the ordinary differential

equations used to model the system.
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Perhaps the most well-known nonlinear system which exhibits chaos is the second-

order Duffing’s equation [16] with a cubic stiffness term. The Duffing’s equation is given

by
i+ i + kor + kya® = fsin(Qt) (1.1)

where ¢ denotes time and is the independent variable, x is the dependent variable,
is the damping co-efficient, koz + k12% represents the cubic stiffness, and f, Q are the
amplitude and frequency of the external forcing, respectively.

The above equation is a second-order nonlinear ordinary differential equation which
is known to exhibit chaos for certain range of 7 and for certain values of 2 and f. To
analyze the system, the second-order equation is written as two first-order ODE’s and
numerically simulated. For chosen values, kg = —0.5, k; = 0.5, v = 0.1, f = 0.24
and Q = 1, the equation (1.1) was simulated in Matlab R2012b [17] and x(t) as a
function of ¢ was obtained. Figure 1.1 shows the plot of x(t) with respect to time
for two initial conditions. The blue (solid) line represents the plot of z(¢) for initial
condition (0,0), while the green (dotted) line represents the plot of z(¢) for the initial
condition (0,0.01). As it can be seen that the two trajectories, although very close
initially, diverge significantly with time. This sensitivity to initial conditions is the well

known characteristic of chaos.

1 1 1 L L 1 J
0 20 40 60 80 100 120 140 160 180 200
Time

Figure 1.1: Time response of the Duffing’s equation when simulated with two initial
conditions (0,0) and (0,0.01)

There exists several other examples of two first-order ODEs which exhibit chaos —
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some of the well-known ones are the Brusselator [18], Van-der pol’s equation [19] and the
Morse oscillator [20]. Chaos was also shown in a two-dimensional system, obtained after
reduction of variables from a three-dimensional system [21]. There are also examples of
chaos found in three dimensional systems, the most well known of which are — the Rossler
system [22], the Chua circuit [23] and the three dimensional Volterra equations [24].
Another very well-known system of equations which exhibits chaos is the set of three

first-order ODEs known as the Lorenz system [25]. The system is given by

& =o(y—x)
y=x(r—z)—y (1.2)

z=uxy— bz

where z, y, z are the state variables of the system and o, r, b are constant system
parameters. The above system given by equations (1.2) are dissipative in nature and can
be verified geometrically, i.e., the rate of change of the volume enclosed by the system
(x,y,z) is related to the divergence of the vector field of the flow (see for example,
reference [26], page 216). We can observe this by considering the divergence of the
vector field V' given by equation (1.2) as

0 0 0
div(V) = — (@) + =) + == () = —(c +b+1 1.3
(V) = 5(0)+ 5o)+ () =~ + b+ 1 (13)
If o +b+1>0, then div (V) < 0 and the system is dissipative. In a dissipative system,
the trajectories settles down to a region in state space known as an attractor. This type
of attractor is known as a strange attractor. It maybe mentioned that the size and loca-
tion of the attractor is sensitive to initial conditions. In the case of the Lorenz system,

for particular values of system parameters, o = 10, b = 8/3, r = 28, the equations show

chaotic behavior. A detailed examination of the Lorenz system is given in reference [27].

Chaos exists in two- and three-dimensional systems and many studies exist in lit-
erature, as indicated above, that demonstrate the phenomenon. There are, however,
very few studies which deal with four or more first-order ODEs. One well known study
is that of strange attractors in the four-dimensional Volterra equations for more than

three competing species [28]. The Hopf bifurcations in the Volterra equations were also
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shown to undergo successive period-doubling cascades [29]. In another study, dynamical
properties of orbits of a four-dimensional nonlinear circuit were observed on an oscillo-
scope [30]. Numerical analysis of the system also showed chaos. A system consisting of
a second-order lag element and two first-order lag elements with piecewise linear static

feedback were shown to exhibit chaotic behavior [31].

Tests for Chaos
The core features of a chaotic systems are
e Boundedness in state space,
e Aperiodicity, and
e Determinism, but sensitive dependence on initial conditions.

To determine if a system is chaotic or not is based on the above mentioned features.
The tools that are used are the well-known time series data, phase plots, bifurcation
plots, Poincaré maps and Lyapunov exponents. The algorithms for computing all the
tools mentioned for analyzing chaos are well-known and are available in standard refer-

ences (see, for example, [32]).

We can numerically verify that the system is bounded in state space by examining
whether the output of the system is enclosed within finite limits. This can be done
by considering the phase plots which are plots of the various state variables with re-
spect to one another. For example, in the Duffing’s system given by equation (1.1), the
phase plot of & versus z, for the values used to obtain the time series plots in figure 1.1,

is shown in figure 1.2. It can be seen that both the state variables,  and x, are bounded.

The periodic (or aperiodic) nature of a system can be ascertained in two ways. One
well-known way is to compute what is known as a Poincaré map [32]. For the flow of any
system! x(¢), the first step is to construct a surface S (also known as Poincaré surface)
as shown schematically in figure 1.3. Next, the points at which the flow of the system
intersects the surface are computed (points Py, P;... in figure 1.3). Periodicity requires

that the flow intersects the Poincaré surface S repeatedly at the same point. If the flow

!The flow of a system is defined as as the time evolution of the state x with respect to time.
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% 2 4 : i z 3 ol

2

o

Figure 1.2: Phase plots for the Duffing’s system — (a) f = 0.5 — non-chaotic, (b) f = 0.24
— chaotic

intersects the surface S at the same point, i.e., there will be only one point Fy on the
Poincaré map at which the flow intersects repeatedly, then the system is periodic with
period one. If it intersects the surface S at two points, it is periodic with period two and
so on. If the flow intersects the surface S at altogether different points, then it implies
that it is aperiodic. Thus, the Poincaré map converts a continuous time system into a
discrete map P11 = f,(P,), explaining the periodic (or aperiodic) nature of the flow.

It also reduces the state space dimension of the flow by one. The Poincaré map for the

Duffing’s system is shown in figure 1.4.

x(1)
-

Figure 1.3: Poincaré surface cutting the state space orbits giving a discrete map P, =

fo(Pn)

Another way of computing the aperiodic nature of any nonlinear system is to compute
what are known as bifurcation plots. For particular values of any system parameter, the
system shows periodic behavior, i.e., it oscillates around n points in state space (period
n). For some particular value of system parameter, the system may begin to oscillate
around a greater number of points, i.e., it’s period increases. If the increase in the period

of the system happens continuously, the system will eventually have a period of infinity
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0.4,

0.2+

0.2}

xdot

0.4r

-0.6¢

-0.8-

Figure 1.4: Poincaré map for the Duffing’s equation at kg = —0.5, k; = 0.5, v = 0.1,
f=024and Q=1

- it becomes aperiodic. The bifurcation plot shows an increase in the period by period-
doubling cascades, until the system becomes aperiodic, implying chaos. A method for
computing bifurcation values is given by Tsumoto et al. [33]. The bifurcation plot of the

Duffing’s equation is shown in figure 1.5.

1.5¢
05+ i oo ; 1

> -05- : L d

=1 - i. ! .

1.5+ i

-2+

_2'8.2 0.25 0.3 0.35 {].Id 0.45 05

Figure 1.5: Bifurcation plot for the Duffing’s equation at ky = —0.5, k; = 0.5, v = 0.1
and Q=1

The most definitive way of verifying chaos is to determine it’s sensitivity to initial
conditions. A measure of sensitivity to initial conditions lies in measuring the divergence
of trajectories for two initial conditions a small distance apart. For this end, plots of
time series data are used. As shown in figure 1.1, the same Duffing’s system when simu-

lated with two different initial conditions very close to each other, the behaviors diverge
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radically. The divergence of trajectories is quantified by computing the well-known Lya-

punov exponents [34]. The concept of Lyapunov exponent is described by figure 1.6.

\\\,/ 4 l\% &
xz' e%‘l\ xf

Figure 1.6: A measure of the average rate of divergence of neighboring trajectories

Consider two trajectories starting at two initial conditions z; and y; inside of an n
dimensional sphere (n equals the dimensions in state space of the system). After a period
of time the trajectories end up as xy and ys. The distance between the two trajectories
can be measured by the alteration of the sphere along n dimensions in state space. The
rate of divergence along the i dimension is given by ); (as shown in figure 1.6), where
A; is called the Lyapunov exponent. For chaos to occur, there must be divergence along
at least one dimension in state space, and hence there must be at least one positive Lya-
punov exponent. For the Duffing’s system, the spectra of Lyapunov exponents is shown
in figure 1.7. As one of the exponents is positive at f = 0.24, the Duffing’s system is
chaotic at f = 0.24.

0.4
I\
2 02F Wersea
= e SO - e e o
S = |
g
a 0
b4
it}
3
2 02 . N _
= =
o
g L/
Zr-04f ) ]
1
-0.6
0.8 1 I L 1 1 1 |
0 100 200 300 400 500 600 700

Time

Figure 1.7: Spectra of Lyapunov exponents for the Duffing’s system at f = 0.24
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In this thesis, we use Lyapunov exponents, phase plots and Poincaré maps for ana-
lyzing chaos. The algorithms for computing the above mentioned tools are available in
reference [32]. We use MATLAB R2012b [17] for numerical simulation of the Lyapunov

exponents and other diagnostic tools for chaos.

1.2 Method of Multiple Scales

The method of multiple scales (MMS) is a singular perturbation method used to study
systems involving distinct phenomena at different time scales [35,36]. We again use the
Duffing’s system described above to illustrate MMS, it’s relevance for this work and our
motivation for using it — details about MMS is available in several textbooks (see, for

example, [38]).

We start by re-writing the Duffing’s equation in the form
i+ eyi + kox + ek’ = ef sin(Qt) (1.4)

where the description of all the terms in equation (1.4) are given in section 1.1 below
equation (1.1). In the above equation, there are two phenomena operating at different
time scales. The inertial effect given by & operates at a faster time scale, while the
damping effect given by ~v& operates at a slower time scale. To study both phenomena
at different time scales, we order the equation (1.4) at different orders of time scale € (as
shown), where the time scales are defined as Ty = t, T = et. The inertial effects operate
at faster time scale T, whereas the damping and forcing effects operate at slower time

scale T. The derivatives are treated as

2

d d
Z=DoteDit ., o5 = Di + €(2DyD; + DY) + ... (1.5)

where Dy and D, are derivatives with respect to time scales Ty and 717 respectively. The

solution to the equation (1.4) is expanded in a power series of € as
X(T[),Tl) :XO(T(),Tl)+EX1(T0,T1)+.... (16)

where X, and X, are first-order or O(1) quantities.
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Now we substitute equations (1.5, 1.6) into equation (1.4) and compute the solution

X(To,T1) by equating the terms in equation (1.4) at different orders of e.

Order ¢°
DX+ koXo =0 (1.7)

where the dependencies of X, on the independent variables is suppressed.

The solution to equation (1.7) is given by
XQ(T(), Tl) = A(Tl)eiWTO + A(Tl)e_iWTO (18)

where A is the amplitude and w is the natural frequency of oscillations, respectively. At

the first-order of €, using equation (1.8), we have

Order ¢
(eiQTO _ e—iQTg)
21

o0To _ o—iQTY

= (—2A'(iw) — yA(iw) — 3k A*A) 70 — f———F—— e+ NST.

D(Q)Xl + kQXl = —2DOD1X0 - ’)/D()XQ - leg + f (19)

where c.c. and N.S.T. stand for complex conjugate and non-secular terms, respectively.

It can be observed from equation (1.9), that the homogeneous part has a solution
proportional to 7o, If the non-homogeneous part of equation (1.9) also has a term pro-
portional to €10, then it gives rise to terms in the solution X; which make it unbounded.
Boundedness, in this context, implies that the solution of equation (1.4) is within finite
limits. These terms (proportional to e“70) are called secular terms. In order to keep the

solution bounded, and hence stable, these terms have to be eliminated.

In equation (1.9), it can be observed that the non-homogeneous part does have terms
proportional to €®7° and hence, they must be eliminated by equating these terms to

zero. Further it can also be observed that if the forcing frequency €2 = w, then resonance
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occurs and even the forcing terms on the right-hand side become proportional to €70,
and again it gives rise to secular terms in the solution. To address the issue of resonance,

we introduce what is known as a detuning parameter
Q=w+eo (1.10)
Substituting equation (1.10) into equation (1.9), we get
DX+ ko X, = (—QA’(iw) — yA(iw) — 3k A%A — z'gewﬂ) T 4 c.c.+ N.ST. (1.11)

Equating the terms in the above equation (1.11) which are proportional to 7o to zero,

we have
—2A(iw) — yA(iw) — 3k A?A — igele =0 (1.12)

If equation (1.12) is not satisfied, then the solution X is not bounded. Rewriting in

polar co-ordinates A = ae®, we have

1 F 3k 1 F
o = —gra——cos(y), V'=7-ab— - —sin(y), =0T~ (1.13)
w

Transforming the above equation using Cartesian co-ordinates x = A cos(7), y = Asin(7y),

we have

2 2
1 3
Y= -5t <0 - 2—;(1’2 + y2)) (1.14)

Equations (1.14) are known as the slow flow equations (also known as solvability con-
ditions). The significance of these equations is that in the absence of their satisfaction,
the solution to the Duffing’s system cannot be bounded. The central idea in the appli-
cation of the MMS is the computation of slow flow equations to ensure boundedness of
solutions. An analysis of the slow flow equations reveal how different system parameters
(in this case kg, ki, v ,0, f) affect the nature of the final solution X(7p,7T7) of the
original equation (1.4). In this thesis, we use the MMS to study two systems, namely

the 2R planar robot and a flexible rotating beam and derive slow flow equations for
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each. We then analyze the slow equations to study how given system parameters affect

the original system of equations of the 2R planar robot and the flexible beam respectively.

A vast amount of literature exists on the application of MMS. In the book by Nayfeh
and Mook [38], the authors use MMS to address several problems related to the topic
of vibrations, which include free, forced, parametrically excited vibrations of single and
multi-degree-of-freedom systems as well as continuous systems. In a review article, Cart-
mell et al. [39] discuss the applicability of MMS to weakly nonlinear dynamical systems.
The authors discuss the aspects of MMS such as non-dimensionalization, time scaling,
inclusion and exclusion of higher-order nonlinearities, and problems in handling secular

terms.

El-Bassiouny [40] uses MMS to show that when a nonlinear system (with cubic, quartic
and quintic nonlinearities) is subject to excitation centered at a frequency higher than
its own natural frequency, the system averages the excitation. Cao et al. [41] describe
how MMS can be used to transform a parametrically and externally excited string-beam
coupled system into a averaged equation to study it’s global bifurcations and chaotic
dynamics. Jinchen et al. [42] study the nonlinear response of a two-degree-of-freedom
nonlinear oscillating system to parametric excitation, by using MMS to derive four first-
order autonomous ODEs describing the modulation of the amplitudes and phases. Apart
from the above mentioned works, there are several review articles on the applications
of MMS in the areas of machining dynamics [43], rotordynamics [44, 45], delayed sys-

tems [46,47], strong nonlinear oscillations [48,49] and fractional-order systems [50].

Most of the above mentioned works deal with two and three first-order ODEs. There
are very few works dealing four or more first-order ODEs. Some of the well-known
studies involving four ODEs are Nayfeh et al. [51] where the motions near the Hopf
bifurcations of a non-conservative four dimensional autonomous system were studied.
Using the method of multiple scales [35], the Hopf bifurcation problem was reduced to
two differential equations for the amplitude and phase of the bifurcating cyclic solutions,
and the stability of constant solutions to those equations determined the nature of bi-
furcation. In the work by Kumawat et al. [52], a parametric study of reduced order
model of boiling water reactors, modeled by four first-order differential equations, has

been performed by using the multiple scales method, and the authors report sub-critical
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bifurcations at a particular value of fuel temperature. However, with a decrease in the
fuel temperature coefficient of reactivity the bifurcation turns to supercritical implying

global stability of the steady state operation in the linear stability regime.

One of the reasons why systems involving four ODEs may not have been studied is
because of multiple ways in which resonance (internal or external) would happen. In
the Duffing’s system, with a single second-order ODE (equation (1.4)), the application
of MMS lead to equation (1.9) in which we have only one natural frequency and one
external forcing frequency. Hence, there is only one possible resonance between the sin-
gle natural frequency and the single forcing frequency (as shown in equation (1.10)) and
we get two first-order ODEs (slow flow equations given by equation (1.14)). However, if
the original system had two or more second-order ODEs (the 2R planar robot described
in section 1.3 being one such example), with more than one forcing frequency, then we
could have multiple natural frequencies with multiple forcing frequencies. In such cases,
one can get multiple possible resonance conditions leading to four or more first-order
ODEs. Analysing four and more ODEs is significantly more difficult than simple system
of two ODEs.

In this thesis both the 2R planar robot and the flexible rotating beam yield slow flow

equations as four first-order ODEs.

1.3 Problems Studied in the Thesis

In this thesis, we have used the method of multiple scales to study two problems. In this

section, we state and discuss the two problems studied.

1.3.1 Asymptotic Stability of a Feedback Controlled 2R Planar
Robot

Figure 1.8 shows the schematic of a two-degree-of-freedom planar robot. It consists of
two rotary (R) joints actuated by two DC servo motors which can generate torques I'y
and 'y respectively. The tip of the robot, point (z,y), traces a trajectory as the R joints

are rotated and this trajectory is a function of time. The equations of motion of the 2R



Chapter 1. Introduction 14

planar robot are available in standard textbooks on robotics (see, for example, [53]).

They are a set of two nonlinear ODEs of the form

[]1 + ]2 + mgl% + mlrf + 2m2l17‘2 COS(@Z)]él + [mgrg + IQ + m2l17“2 COS(@Q)]@Q
— m2l17“2 Sin(QQ)[Qél + 92]92 = Fl (115)
[mQT’g + [2 + m2l1r2 COS(QQ)]él + [mgrg + Ig]ég + m2l17“2 Sln(HQ)H% = FQ (116)

which is often written in a compact form (using matrices) as
[M(©)]6 +[C(,0)] =T

In the above equations, m;, l;, I;, r; (j = 1,2) are the masses, lengths, inertia and
position of center of mass of link j respectively. The matrix [M] is the well-known mass
matrix (in this case of dimension 2 x 2) and [C] is the 2 x 1 vector of centripetal and
Coriolis terms. The symbol © denotes the vector of joint angles (6, 6,) and I is the 2 x 1
vector of joint torques (I'1,I'y). To trace a desired trajectory, feedback control is used. A
typical robot controller implementing a proportional plus derivative (PD) control scheme

is given by

Fl = édl + Kvlél + Kplel
FQ = édQ —+ Kmég + Kp262 (117)

where K,, and K,, are the controller gains, e; = 6,4, - 0; is the servo error, é; is the
derivative of the servo error and 6y, is the desired trajectory to be traced.

Asymptotic stability, in this context, implies that the state trajectory of the robot
given by solving equation (1.15) tracks the desired trajectory, i.e. e; as defined above
tends to zero. The PD control scheme has been proven to be asymptotically stable for any
positive derivative gain (K, > 0) when the first and the second derivative of the desired
trajectory are equal to zero [54], i.e., for set point control (; = 64 = 0). For the case
of trajectory following with 6, # 6, # 0, there exist numerical studies where the ranges
of proportional and derivative gains for which the system is chaotic [55,56] has been
obtained, and for these values of gains, the planar 2R robot does not track the desired
trajectory and is thus asymptotically stable. To the best of our knowledge, there are no

theoretical development related to asymptotic stability during trajectory following. In
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Figure 1.8: A 2R planar robot

Chapter 2, we propose an analytical approach to derive the ranges of proportional and
derivative gains for which the PD controlled 2R planar robot is asymptotically stable.
Since the equations of motion of the PD controlled 2R planar robot are non-autonomous
(due to the time dependent forcing terms on the right-hand side of the equations for
trajectory tracking), there will be no fixed point to the entire system. Hence, we use the
method of multiple scales (MMS) to convert these equations into autonomous equations
(slow flow equations), to evaluate fixed points and find the stability around those fixed

points.

After non-dimensionalizing equation (1.15), a procedure described in Chapter 3, we
apply the method of multiple scales, and derive the slow flow equations, as a set of four
first-order equations. These equations are known as the solvability conditions, i.e., the
conditions needed to be satisfied for the equation to have a bounded solution. We then
compute the fixed points of those equations. At one particular fixed point, we use the
Routh-Hurwitz criterion [57,58] to obtain the values of proportional and derivative gains
at which the controller is asymptotically stable or indeterminate. We show that for cer-
tain values of gains, some of the indeterminate points in the (K, K,) space are chaotic

and hence the planar 2R robot is not asymptotically stable at these gain values.

Apart from the PD control scheme, a well-known robot control scheme uses the
dynamic model of a robot [55]. This scheme is called the model-based or computed

torque control scheme. In its realistic form, the knowledge of model parameters of the
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robot are uncertain. We characterize the uncertainty in the model of the robot by a
mismatch parameter e. The estimated mass matrix M (©) and the estimated Coriolis
and centripetal torques vector C (e, @) are computed by perturbing the robot parameters

as

A

where e > 0 implies an overestimated model and e < 0 implies an underestimated model.
Since the mass cannot be negative —1 < e < co. The computed joint torque, also called

feedback linearization, control scheme is given

~

I'=[M(O)L, +[C(©,0)] (1.19)
where I',, is the servo portion of the control scheme as given by equation (1.17).

In this thesis, as with the PD control scheme, we study the effects of mismatch
parameter e in the model-based control scheme at certain ranges of K, and K, on the
asymptotic stability of the 2R planar robot. After applying MMS to derive the slow flow
equations, we use the Routh-Hurwitz criterion to compute the values of proportional
and derivative gains in (K, K,) space at which the planar 2R robot is asymptotically
stable. Chapter 2 deals with the study of asymptotic stability of planar 2R robot under

feedback control.

1.3.2 Chaotic Dynamics of a Rotating Flexible Link

Figure 1.9 shows the schematic of a rotating flexible link undergoing large deformation.
The flexible link is modeled as a beam with four generalized co-ordinates, one rigid
and three flexible. The vector of flexible variables is given by Q; = (ua;, vai, ¢2;)7 and
the vector of rigid and flexible variables is given by Q = (61, ug;, vai, ¢2;)*. The partial
differential equation of motion can be discretized using a finite element approach to yield
four nonlinear, non-autonomous and coupled ordinary differential equations [59]. The
equations can be non-dimensionalized using two characteristic velocities — the speed of

sound in the material and a speed associated with the transverse bending vibration of
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the beam [60]. The equations are given by

M@ Q) + (/c L AK(Q). %)) (Q) + Q)

/ T

+HQ.0)) = it (1.20)
where (-)', ()" represent the first and the second derivative with respect to non-dimensional
time T, M is the 4 x 4 non-dimensional mass matrix, I and A are the 4 x 4 non-
dimensional conventional and geometric stiffness matrices respectively, H is the 4 x 1
vector of non-dimensional centripetal and Coriolis terms, {7} = [F' sin(FgT ),0,0,0/"
with F' and 2 denoting the amplitude and the frequency of forcing term respectively.
In the above equation, C{Q'} represents an added Rayleigh damping term of the form
a[M] + BIK], U, is the speed of sound and U, is a characteristic speed associated with

bending vibration.

Flexible link

(a) Flexible rotating beam

ith element

l

(b) Planar beam element

Figure 1.9: Schematic of a rotating flexible beam and an i*" element

The method of multiple scales is used to perform a detailed study of the above system.

A set of four autonomous equations of the first-order are derived considering primary
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resonances of the external excitation with one of the natural frequencies and one-to-
one internal resonances between the natural frequencies of the equations. Numerical
simulations show that for certain ranges of values of these characteristic velocities, the
slow flow equations can exhibit chaos. The numerical simulations and the results are
related to a rotating wind turbine blade and the approach can also be used for the
study of the nonlinear dynamics of a single link flexible manipulator. The study of this
problem of nonlinear dynamics of rotating flexible beam undergoing large deformation

is the content of Chapter 3.

1.3.3 Synchronization of Chaos in a Rotating Flexible Link

Many natural systems are nonlinear and often exhibit chaos. Controlling chaos systems
has thus received a significant amount of attention and many approaches [61-68] have
been proposed. An approach of chaos control, called chaos synchronization, has received
increased attention recently after the work of Pecora et al. [69,70]. In chaos synchro-
nization, a drive-response system is considered. A chaotic system with one given set
of initial conditions is known as the drive system and another identical system with a
different set of initial conditions is known as the response system. In the absence of a
controller, the drive and response systems will diverge due to the property of sensitivity
to initial conditions. The central idea of synchronization is to design a controller such

that the response system asymptotically tracks the drive system.

A number of approaches have been proposed for synchronizing chaotic systems such
as back-stepping design [71], adaptive control [72], and sliding mode control [73]. In
this thesis, we use active nonlinear control and Lyapunov stability theory to design a
controller for chaos synchronization. The example of a power generating wind turbine

blade described in Chapter 3 is used to illustrate the theoretical development.

At the end of the studies of these problems, we present some conclusions and scope

for extending this work in Chapter 5.
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1.4 Contributions of the Thesis

This thesis deals with the study two problems in nonlinear dynamics using MMS. The

main contributions of this thesis are as follows.

e In the study of the 2R planar robot, the lack of analytical criteria for asymptotic
stability in trajectory tracking is highlighted. Two well-known controllers, namely
a PD and a model-based controllers, are studied. A first and a partially successful
attempt in developing an analytical procedure to derive the ranges of proportional
and derivative gains (K, and K,), for both types of controllers, at which the 2R

robot is asymptotically stable is presented.

e The chaotic motions in the equations of a damped and undamped flexible rotating
beam, undergoing large deformation, are studied. The method of multiple scales
is used to derive the slow flow equations of the rotating beam and nature of chaos
is determined for the undamped and damped equations. Numerical simulation of
the original nonlinear equations are presented which are consistent with the results

obtained from the slow flow equations.

e The problem of negating the sensitivity to initial conditions in chaotic systems is
addressed using the concept of chaos synchronization. A active nonlinear controller
developed, using Lyapunov stability theory to synchronize the chaotic slow flow
equations, is obtained for both the damped and the undamped rotating beam
systems. Numerical results demonstrate the control of chaos for the rotating beam

system.



Chapter 2

Asymptotic Stability of a Feedback
Controlled 2R Planar Robot

The stability of dynamical systems is an important area of study in nonlinear dynamics.
Stability is generally verified via the Lyapunov stability theory [74], where it is consid-
ered about an equilibrium point. There are generally two concepts of stability which are
largely used when studying dynamical systems, namely simple/marginal stability and
asymptotic stability. A stable equilibrium point is one where a trajectory of the system
beginning in a small neighbourhood of that point stay in a larger bounded neighborhood
of the equilibrium point. An equilibrium point is said to be asymptotically stable if in
addition to being stable, the trajectories approach the equilibrium point as time tends to
infinity. Asymptotic stability is a much stronger condition than simple stability. These

concepts of stability are used in autonomous systems.

In addition to the above, in robotics typical tasks involve the robot tracking a de-
sired trajectory which is generally dependent on time. In such cases, the system is no
longer autonomous as it has a time dependent forcing input. In such cases, stability is
measured with respect to the error between the desired trajectory and the system/state
trajectory. If the error is bounded, yet doesn’t go to zero, then the controller is said to
be simply stable. However if the error, apart from being bounded, asymptotically goes

to zero, then the controller is said to be asymptotically stable and the robot tracks the

20
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desired trajectory. For a robot, controllers cannot simply stable, but must be asymptot-
ically stable! and extensive research has been done to design and implement controllers
and asymptotic stability of controllers has been demonstrated by numerical simulation.
References [75,76] demonstrate asymptotic stability of robot manipulators using PID
control, whereas Jose and Wen [77] demonstrates asymptotic stability for a robot ma-
nipulator based on PD control. Asymptotic stability has also been shown for planar
multi-link flexible manipulators [78] and for a robot manipulator using adaptive fuzzy
control [79]. Asymptotic stability has also been demonstrated experimentally for PID
control of robot manipulators [80,81], PD control of closed chain mechanical systems [82]
and Lyapunov-based control of robot and mass-spring system undergoing an impact col-
lision [83]. It has also been shown theoretically, using Lyapunov stability, that a robot
is asymptotically stable when the desired velocity is zero (or set point control) [54] and
for a trajectory with non-zero velocity and acceleration [84] when the controller gains

are greater than zero.

In nonlinear dynamical systems, a phenomena called chaos exists (see Chapter 1).
In chaos, the states and trajectories of the system are bounded. However, due to the
sensitive dependence on initial conditions and for particular values of the parameters
of the system, the trajectory of the nonlinear dynamical system diverge and becomes
unpredictable in time. Chaos can also exist in a nonlinear robotic systems and there
exist literature on chaos in robots [85-92]. In the presence of chaos, the state trajectory
does not track the desired trajectory and the error between the state and the desired
trajectory, although bounded, does not asymptotically go to zero. In such a case, the
robot controller cannot be said to be asymptotically stable. In this Chapter, we study
a simple 2R planar robot, under feedback control following a desired trajectory, and
obtain values of controller gains for which the robot equations show chaos and asymptotic
stability. Two well-known controllers, namely a proportional plus derivative and a model
based computed torque controller are studied. Before studying the 2R planar robot, we
give a brief and formal introduction to the concepts of stability. More details on the

various definitions of stability are available in various textbooks (see, for example, [74]).

!The formal definitions of stability and asymptotic stability with respect to an equilibrium point as
well as tracking are given in section 2.1.
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2.1 Concepts of Stability

For linear systems, clear theoretical concepts and techniques to determine stability and
instability exist. However, in a nonlinear system, the concept of stability is more com-
plex. In the following, we define various concepts of stability for a nonlinear system of
the form & = f(x), where x(t) C R". We have used the notations and definitions as

given in Slotine and Li [74].

Definition 1: Equilibrium Point — A state X, is said to be an equilibrium state (point)
of a nonlinear system, & = f(z), if f(X.) =0.

Figure 2.1 schematically shows an equilibrium point X.. Now consider two spheres

of radius R and r around X,.

anY
Possible chaotic motion—stable but NOT
asymptotically stable
c 7
X
LS .
P D
* Curve C could be chaotic
* Curve D IS asymptotically stable

Figure 2.1: Concepts of stability and asymptotic stability

Definition 2: Simple/Marginal Stability — The equilibrium point X, is said to be sim-
ply stable in the sense of Lyapunov if for any R > 0, there exists » > 0 such that if
[|z(0)]| <, then ||z(t)]| < R for t > 0. Otherwise X, is unstable.

Simple stability implies that if we perturb the initial conditions of the system in a
small region around equilibrium point X, given by the sphere of radius r, then the final

state of the system will be bounded and will lie inside the sphere of radius R. However,
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the system which is stable may not return to it’s equilibrium point. If the trajectories
return to its equilibrium point, then the system is said to be asymptotically stable. For-

mally,

Definition 3: The equilibrium point X, is said to be asymptotically stable if it is stable,
and if, in addition, there exists some > 0 such that ||z(0)|| < r implies that z(¢) — X,

as t — oo.

In a stable system, the trajectories can wander in bounded state space between the
larger and the smaller spheres in figure 2.1. The curve C| in figure 2.1, is an illustration
of a stable trajectory. The curve D illustrates asymptotically stability as it approaches
the equilibrium point X, with increasing time. Asymptotic stability is much stronger
condition and often stability is sufficient. The trajectories of a nonlinear systems, as
illustrated by the forced Duffing’s equation in Chapter 1, can be bounded and stable but

need not be asymptotically stable and can demonstrate chaos.

In control systems dealing with trajectory tracking, the concept of stability is defined
slightly differently [93]. Consider a system given by & = f(x,u), where u(t) is the control

law.

Definition 4: Tracking stability — A controller is said to be stable if we design u(t), such
that the the error e(t) between the desired trajectory (z4(t)) and the state trajectory

(x(t)) remains bounded.

For a stable tracking controller, the error e(t) = z4(t) — x(t) must remain bounded,
although it may not go to zero. In such a situation, the state trajectory does not track
the desired trajectory, although the error between them is within reasonable bounds, and
under certain conditions, the phenomena of chaos could exist. Now considering asymp-

totic stability, we have

Definition 5: Asymptotic tracking stability — A controller is said to be asymptotically
stable if we design wu(t), such that the the error e(t) between the desired trajectory (x4(t))

and the state trajectory (z(t)) goes to zero as t — co.
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For an asymptotically stable controller, the state trajectory tracks the desired tra-
jectory and, in this case, chaos cannot exist. In trajectory tracking problems, it is

asymptotic stability that is sought to be achieved.

In this chapter, we study the dynamics of a planar 2R robot under feedback control
and following a desired trajectory. It has been shown in literature [55,56], using numer-
ical simulations, that for some values of the controller gains, the system of equations
modeling the feedback control of a planar 2R robot can exhibit chaos and hence is not
asymptotically stable. In this work, we apply the method of multiple scales (MMS) to
the 2R robot equations, derive the slow flow equations and finally obtain conditions for

chaos and asymptotic stability as defined above.

2.2 Modeling of the 2R Planar Robot

The schematic of a two-degree-of-freedom planar 2R robot, shown in Chapter 1, is repro-
duced in figure 2.2 below for convenience. The motion of the robot is in the horizontal
plane and there is no effect of gravity. The robot has two links of length [; and [y, re-
spectively. The robot is driven by two motors, one each at the joints, providing a torque

of I'y and I'y and the rotation caused at both the rotary joints are denoted by 6, and 6,.

Location of the

Link 2
Y Location of the (my, 1,1y, 1,)

C.G. of Link 1

Link 1
(mili"’i]
rlw/_. 11371 1 2
or /s, X

Figure 2.2: A 2R planar robot

The dynamic equations of motion of the 2R planar robot can be derived using the

Lagrangian formulation and are given in equation (1.15). They can be rewritten in a



Chapter 2. Asymptotic Stability of a Feedback Controlled 2R Planar Robot25

more compact form as

[A + B+ 2C cos(62)]0; + [B + C cos(65)]0> — C'sin(62)[26, + 05)05 = Ty
(B + C cos(0,))61 + By + C'sin(0:)6,” = Ty (2.1)

where
A= mﬂ"% + Il —+ mgl%, B = TTLQT% -+ [2, C= m2l1r2 (22)

and mj, l;, I;, r; (j = 1,2) are the masses, lengths, inertia and position of center of mass
of link 7, respectively. For trajectory tracking, we assume that the robot has to trace a

desired periodic trajectory
4, = Ay, sin(Qt), fori=1,2 (2.3)

where 60y, is the desired trajectory, Ay, is the amplitude of forcing and €2 is the forcing

frequency.

The number of parameters in the above equations can be reduced by non-dimensionalization

as follows:

e We define the non-dimensional time 7 as Q¢. In terms of 7, we can write

df; do; dr  _db,

— = — =0—-—-"2=Q0

dt dr dt dr b,

d?0; db;

e QQd—TJ = Q%] (2.4)

”
/

where represents derivative with respect to 7.

e Next we introduce the following non-dimensional variables [56]

2 2
p o Man + 1 P mqly T
1 — 9 ) 2 — 9 ) 3 — 7
mars + 1o mary + 1o I

(2.5)

Using equations (2.4) and (2.5) in equation (2.1) and dividing both sides of equation (2.1)

by (mgr2 + I,), the non-dimensionalized equations of motion of a 2R planar robot can
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be written as

[Pl + 1+ P2 + 2P2P3 COS(HQ)]G/{ + [1 + P2P3 COS(HQ)]HY — P2P3 8111(92)[2«93 + QIQ]QIQ = Fln
[1 + P2P3 COS(GQ)]G;_/ + 95 + P2P3 sin(92)9'12 = F2n (26)

where I'y,, I'5, are the non-dimensional torques whose expressions depend on the con-
troller used. We have considered two well-known controllers, namely the PD and model

based controllers, and these are described next.

2.2.1 PD Control of a 2R Planar Robot

In order to trace a desired trajectory, we consider a PD control scheme, where the joint

torques in equation (2.1) are computed as

Fl = édl + Kvél + erl
Fg = éd2 + Kvég + Kp€2 (27)

where e; = 0,4, - 0; is the servo error, é; is the derivative of the servo error, 0, is the
desired trajectory to be traced, and K, and K, are the proportional and derivative gains,
respectively. It may be noted that we have assumed K, and K, are same for both the

motors for simplicity and, in an actual robot they need not be same.

In non-dimensional form, using equation (2.4), the above equations can be written as

Fln = Snedlll + Kvnell + Kpnel
an = SanQ" + Kmell + KanQ (28)

1 K K
here S = ——— K, — p and K, — ——=
v (mor3 + 1) 7 O2(mars + 1) Q(mor3 + I)

For the desired trajectory of the joints, 84, = Ay, sin(Qt), i = 1, 2, the non-dimensional
form is given by 64, = Ay, sin(7). Using this non-dimensional form of the desired tra-
jectory in equation (2.8) and substituting the resulting equation into equation (2.6), the

non-dimensional equations of motion of the planar 2R robot with a PD controller are
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given by

P+ 1+ P+ 2PyPscos(fy) 1+ PyPycos(6s)| |07 N
1 + P P3 cos(6s) 1 05
—Ap SpsinT + K, (Af, sint — 61) + K, (Ap, cosT — 67)
—Ap,Sysint + K, (Ayp, sint — 63) + K, (Ay, cosT — 6))

— Py Pysin(0y) (260, + 0505,
P2P3 sin(92)9’12

(2.9)

The nonlinear system given by equations (2.9) is known to be asymptotically stable
for all K, K, > 0, when 0 = 0 = 0. The proof of asymptotic stability (using the
dimensional form of the equations) is available in several textbooks (see, for example,
Ghosal [53]) and we present a brief discussion for the sake of completeness. In the absence

of gravity, the non-dimensional equations are given as
M,(0)| 0"+ |Cu@.0)] =T (2.10)

where [M,,(0)] represents the positive definite mass matrix, [C,,(©,©’)] represents the
Coriolis terms and © is a 2 x 1 matrix of the joint variables (61, 6,). For the set point
problem, ©, =0, ©/, =0, ©/ = 0, and the PD control in equation (2.8) reduces to

r, - — [Km} o [Kn] 6 (2.11)

where the matrices [K ] and [Km} are diagonal 2 x 2 matrices and K,,, K,, denote

pn
non-dimensional gains. The Lyapunov second method [74] can be used to determine

asymptotic stability and we consider a candidate Lyapunov function
/ 1 /T / 1 T
V(,6) =50 M,(0)] 0+ 56 K| © (2.12)

It can be seen from equation (2.12), that V(0,0’) is positive definite. Evaluating
V'(©,0), we have

v'(e,0) =0T [Mn(@)] 0" + %@’T [an@)} o+ [Km] o

R LCE %@'T{ wr.0)] -2[c.@.0)])e (2.13)
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where [M’n] denotes the derivative of the mass matrix [Mn] with respect to non-

dimensional time. Since ([M’n(@)} -2 [Cn(@,@’)}) is skew symmetric (see reference

[53]), the second quadratic form is zero, and we get
V(0,0 = -0 [Kn} o (2.14)

From equation (2.14), as we can see that V'(0©,0’) can be zero even for a nonzero O,
V'(0,0') is negative semi-definite and we cannot conclude asymptotic stability. Asymp-
totic stability can be shown however, by LaSalle’s invariance principle [94], where the
largest invariant set is a single point and hence the equilibrium point (©,0) = 0 is

asymptotically stable.

In the above, we assumed that ©/, = ©% = 0 and hence for the set point problem
the planar 2R robot driven by a PD controller is asymptotically stable. However, when
we consider a tracking problem ©/, # 0, © # 0, asymptotic stability is not proven. We
attempt to investigate the asymptotic stability of PD control for trajectory tracking in
this Chapter and derive a partial analytical approach for obtaining values of gains for

which the PD controller is asymptotically stable.

2.2.2 Model Based Control of a 2R Planar Robot

Another control scheme used in trajectory following in robots is the well-known model
based computed torque control scheme where the dynamic model is used. We consider the
case when the parameters of the dynamic model are not known exactly. We characterize
the uncertainty in the dynamic model of the robot by a mismatch parameter e and the

robot parameters are computed as

~ ~

where the (A) quantities are the estimates. If e > 0 then it implies an overestimated model
and e < 0 implies an underestimated model. From the above equation we can compute
the estimated mass matrix M (0) and the estimated vector of Coriolis and centripetal

terms C (©,0) from equation (2.1). The computed torque using the estimates are given
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by

r=[xr©)| 1, +[¢(e.6)) (2.16)

K K
where T, is given by equation (2.7), with S,, = 1, K, = Q—g and K,, = ﬁv
To non-dimensionalize the equations of motion with the model based controller, we
use three non-dimensional parameters in addition to those defined in equation (2.5) as
a2+ I+ e + Ip + ol Thgly Ty 1haid + I

o = ) Qg = ————, a3 = —————  (2.17
! TTLQT% + IQ 2 my’% + IQ 3 mQT% + [2 ( )

Substituting the computed torque given by equation (2.16) into equation (2.1) and using
the non-dimensional parameters given by equations (2.5, 2.17) and also using equa-

tion (2.4), the non-dimensional equations of motion of the 2R robot driven by a model
based computed torque controller are given by
— Py Py sin(6)[20; + 05]6;

o
+
6,2/ P2P3 sin(92)9’12
[ 1(0, + Kpn(8a, — 01) + Kon(0, — 61)) + cn(—sin(6)[26] + 6516, |
+ COS(GQ)(QG&I1 + 9g2 + Kpn(29d1 — 291 + 9d2 - 62)
+Kon (205, — 207 + 0, —05)))
= +as(0, + Kpn(0a, — 02) + Kun (0, — 03)) (2.18)

P+ 1+ P+ 2PyP3cos(fy) 1+ PyPscos(6s)
1+ P2P3 COS(GQ) 1

aa(cos(02) (65, + Kpn(0a, — 01) + Kon (0, — 07) + 0267)
| +as (07, + 04, + Kpn(a, — 01+ Oa, — 02) + Kon (05, — 07 + 04, — 05)) ]

The model based control, given by equation (2.18), was studied in literature [55, 56]
for the effects of the mismatch parameter e on the ranges of controller gains K, and K,
for which the 2R robot traces a desired trajectory (trajectory tracking problem). It was
found by numerical studies that when the robot parameters are heavily underestimated
(e < —0.5), for particular values of controller gains K, and K,, the robot equations
demonstrated chaos. This implies that for the said values of K, and K,, the robot
does not track the desired trajectory and is not asymptotically stable. The ranges were

determined, by brute force numerical search based method, by computing the Lyapunov
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exponents of the system for different values of K, and K, with mismatch parameter e. In
reference [55,56], chaos was also reported for low values of K, (0 < K,, < 3 for PD control
for a particular value of forcing frequency 2 = 2rad/s and 0 < K, < 8 for model based
control for a particular value of mismatch parameter e = —0.9) and mid-range or higher
values of K, (34 < K, < 95 for PD control for 2 = 2rad/s and 20 < K, < 100 for model
based control for e = —0.9). Again as in the case of the PD controller, no analytical
criteria for such results exists. In this Chapter, we present an analytical approach to
obtain the ranges of K,, K, and e for which the trajectory following planar 2R robot

exhibits chaos.

2.3 The Method of Multiple Scales

In this section, we apply the method of multiple scales to the equations of a 2R robot
driven by PD and model based controllers. The method of multiple scales and it’s
application was discussed in Chapter 1 for the Duffing’s system, where the slow flow
equations were computed. We apply the same procedure to derive the slow flow equations
for the 2R robot driven by both PD and model based controllers. The uniform expansion
for the solutions to the equations (2.9, 2.18) is of the form

01(7;€) = €bho(To, 11, T2) + 62911(T0> T, T3) + 63912(T0> 11, Ty)
92(7'; 6) = 6920(T{), Tl, Tg) + 62921 (To, Tl, Tg) + GSQQQ(T(), Tl, TQ) (219)

where, € is a small dimensionless measure of the variables 0y, 0. T, (same as 7) is

the fast scale associated with changes occurring at the forcing frequencies 2 and the

2

natural frequencies w,, and 77 = er and T, = €°7 are the slow scales associated with

the modulations of the amplitudes and phases due to nonlinearities. The derivatives are

treated as
d 2 d2 2 2 2
E = DO —|— €D1 —|— € D2 —|— ceey ﬁ = DO —|— 6(2D0D1) + € (2DQD2 —|— Dl) + (220)

First we apply MMS to the PD controller and then to the model based computed

torque controller.
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Application of MMS to PD control

The equation of motion of a 2R planar robot driven by PD control is given by equa-
tion (2.9). Before we apply MMS, we must resolve two problems. First, an examination
of equation (2.9) reveals the presence of trigonometric functions in the form of cos(fs)
and sin(f,). We observe that it is not possible to apply MMS to sine and cosine terms.

To resolve this, we rewrite these trigonometric terms by using Taylor’s theorem as

03
-2

3
sin(fy) = 0 — b ~ O, (2.21)

cos(fy) =1 30

The reason why we neglect the cubic term for the expansion of sin(6s) is because the
highest order of expansion according to equation (2.19) is three. An examination of
sin(f;) in equation (2.9) reveals that it is coupled with a quadratic term. When the ex-
pansion given by equation (2.19) is performed, sin(fy) coupled with the quadratic term
gives a cubic term (order three). If the cubic term in equation (2.21) had been consid-
ered, then coupled with the quadratic term would have given a fifth-order term — higher

than highest order of expansion we consider in equation (2.19).

Secondly, we need to decide how the terms have to be ordered according to various
time scales, as described in Chapter 1 for the Duffing’s equation. We order the inertial
terms (constant terms in the mass matrix as shown in equation (2.9)), stiffness terms
(K,) and the forcing terms (Ay, sin(7)) at time scale Ty = 7, i.e., the faster time scale.
We order the dissipative terms (K,) at time scale Ty = €7, which is the slower time
scale. The nonlinearities due to the cubic terms in the equations automatically appear
at time scale T. Lastly, equation (2.9) also has the terms sin(7) and cos(7). We rewrite

T ,—iT T —iT
them as sin(7) = % and cos(7) = %
)

The equations of motion of the 2R planar robot driven by PD control with the

ordering and other modifications described above can be written as

02 02
[P+ 1+ P+ 2P,P; ( - 52)]9’{ + 1+ P,P; ( - 52>]9’1’ — Py P30,[207 + 0505,
= —Kpnby — €Kl + eAp (1B, + Eq)e'™ + (—iEy + Fy)e™™) (2.22)

2

0
14 PP; ( N §2>]9/1/ + 65 + 13213392(9/12 = —Kpnbz — 6QKWQIQ
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+ 6Af2<<iE1 —+ EQ)@” —+ (—ZEl + EQ)G_”)

where Ey = (S, — Kp,)/2 and By = (K, /2).

Equating coefficients of like powers of €, we obtain

Order ¢

(Pl -+ 1 + P2 -+ 2P2P3)D(2)010 + (1 + P2P3)D§620 -+ Kpn910 ==
A ((iBy + Ep)e'™ + (—iEy + Ey)e™™) (2.23)
(1 + P2P3)D8€10 —I— Dgggo —|— Kpnego = Af2((’LE1 + Eg)eiT —|— (—ZEl + Eg)e_iT)

where D? = (9?/9T?). The solution of equations (2.23) is of the form

910 = AleiwlTo + AQBinTO + Fl(ZEl + EQ)@iTO + Fl(—ZEl + E2)6_iTO + c.c. (224)
820 = 621A16iw1To + 022A2€iw2To + FQ(ZEl + EQ)GZTO + FQ(—iEl + E2)€7iTO + c.c.

where w; and wy are the natural frequencies of the system, c.c stands for complex con-
jugate and the derivation of all terms in equation (2.24) is given in Appendix A. The

above equation is used in computing terms at order €2 shown next.

Order €2

(P + 1+ Py + 2P, P3) D301y + (1 4 PoP3)Diba1 + Kby =
— 2(P1 + 1 + P2 + 2P2P3)DOD1610 — 2(1 —+ P2P3)DOD1920 (225)
(1 + PyP3) Dby + D3fay + Kpnfay = —2(1 + PoP3) Doy D101g — 2Do D16y

In the above equation on the right-hand side, the non-secular terms are zero. Equating
the secular terms on the right-hand side to zero would give A;(T}) and A5(77). Hence,
substituting equation (2.24) into the right-hand side of equation (2.25) and equating the

secular terms to zero, we get

dA; 0Ay
-2 +1+ P+ 2P2Pg)a—T1 —2(1+ P2P3)8—T1 =0
—2(1+ PQPg)% — 2% =0 (2.26)

a1y a1y
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Solving equation (2.26), we get

0A, 0A;
=1 _ —= = 2.2
o1y 0 ol 0 (227)

From equation (2.27), we have A1=A;(Ty, Ty) and Ay=As(Ty, T»). Now at order €3, we

have

Order ¢

(Py+ 1+ Py + 2P, P3) D015 + (1 + PyP3)D30yy + Ko =
02
P2P3(D(2)9109§0 + Dgezo% + 020(2Dob10 + Dob20) Dobao)) — KunDobio
(1 + PyP3) Db + Doy + Kppbao = (2.28)

92
P2P3(D3910% - 920(D0910)2) - KvnD()eQO

Equation (2.28) represents the third-order approximation for the 2R planar robot
system. Now, we must separate the secular terms (as defined in Chapter 1 for the
Duffing’s system) in equation (2.28), to determine the solvability conditions (or the slow
flow equations). We do this by introducing a detuning parameter, as described for the

Duffing’s system in Chapter 1, and we can write
Q= wy + €0y (2.29)

We rewrite equation (2.29) as follows:

30 =w; +3e0q, Q= (wl ;w2) + €0y (2.30)

To determine the solvability conditions, we seek a particular solution free of secular terms

corresponding to the terms proportional to 70 in the form
2
912 _ Z Si(Tl)ezwiTo
i=1

2
O =Y Qi(T1)e™™ (2.31)
=1
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Substituting equation (2.24) and equation (2.30) into the right-hand side of equation (2.28)
and substituting equation (2.31) into the left-hand side of equation (2.28), and equat-
ing the coefficients of the powers of e“1T0 and 270, we can determine the solvability
conditions, thus eliminating the secular terms. Considering, after the above mentioned
substitution into the equation (2.28) at powers e™170 and e™270 we get

At eiw1 To

Kpn—(P1+1+P2+2P2P3)W% —(1+P2P3)w% Sl Zl (2 32)
—(1+ PPs)wi Ky — wi o5 Zs .
At eiw2To
Kpn — (PL4 1+ P+ 2P Ps)ws  —(1+ PoPa)ws| | S2|  [W) (233
—(1+ PPs)ws Kpn — w3 Q2 W '

where Z1, Zy, W1 and W5 are of the form

7 = All (iwy)R1y + Ay (Ri21i + Rigg + Rio3 A2 4 RipA2)

+ AoRy3(iEy + E2)e* ™ + Ry (iEy + E2)%e
Zy = All (iw1)Ro1 + A1(Rao1i + Rago + 322314% + 322414%)

+ Ao Ro3(iEy + E2)e* ™ 4 Ry (i By + E2)*e* (2.34)
Wi = Ay(iw2)S11 + Aa(Sia1i + Stz + S193AT + S12443) + A1S13(iEy + E2)e# T
Wy = Ay (i) Sar + Az(Saz1i + Saz + Sea3 AT + SansA3) + A1 Sas (i By + E2)e 21!

The terms Ri1, Sii..... are given in Appendix A.

Equations (2.32) and (2.33) are a system of two non-homogeneous equations for S,
@».- The homogeneous parts have a non-trivial solution since the determinant of both
the co-efficient matrices in equations (2.32-2.33) is equal to zero. Hence, the solvability
conditions can be determined by

At 1Ty
Zl —(]_ + P2P3)wf

=0 (2.35)
Zg Kpn — w%
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which gives

Z\(Kpn — wi) + Zo(1 + PyPy)wi = 0 (2.36)
At e2To
Wy —(14 PP3)w?
v RRe | (2.37)
W2 Kpn — w%
which gives
Wi (Kpn — w3) + Wa(l + PyP3)w; =0 (2.38)

Substituting the terms in equation (2.34) into equations (2.36, 2.38) respectively, we

determine the solvability conditions as:

At 1o
A (iwy)Lyy + Ay (Ligi 4+ Ligg + Lyas A2 + Lypy A2)
+ AQ(ngli —+ L132)62101T1 + L14(’iE1 + E2>3€3i01T1 =0 (239)
= A} = Ay(—Jion + i(Jigg + Jioz A2 + J124A2))
+ AQ(_Jlgl + 7:(]132)6%01T1 + iJ14(iE1 + E2)363iUIT1 =0
At e2To

Alz(iw2)L21 + Ag(Lgo1i + Logy + Logs AT + Loy A3) + A1(Losii + Lasp)e 2711 =0
(2.40)

= AIQ = Ay(—Ja91 + i(Joge + J223A% + J224A§)) + Ay (—Joz1 + Z'J232)€_2MT1 =0

where the terms Lyq, Ji91, L1, Joo1, ... are derived from equations (2.36, 2.38), respectively
and are given in Appendix A. Introducing the polar notation A, = a,e®" and using in

equations (2.39-2.40), we get

(l/l = —J121a1 + CLQ(—J131 COS 7y — J132 sin "}/) — J151 cosd — J152 sin &

ag(—Jlgl sin7 + J132 COS’)/) 4 —J151 sin 0 + J152 cos

/ 2 2
by = Ji2e + Jigzal + Jigaa; +
a1 a1

(Z/2 = —J221a1 + al(—Jggl COS 7y —+ J232 sin ’y)
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a1(Jaz1 siny 4 Jazg cos )
a2

b; = Jago + J223a% + J2246l% + (2.41)

where 6 = 3011} —b; and v = 20,1} + by — b;. Modifying coordinates, using x = a; cos 9,
y = apsind, z = ascos(d —y) and w = agsin(d — 7y), we have the final set of four slow

flow equations given by

i = —Jig1w — (301 — Ji20)y + y(Jraz(2® + y?) + Jioa(2* + w?))

+ Ji3(—2E1Eyz + (B3 — EDw) — JuE\(3E; — E?)

= —Jiy + (301 — Jia2)x — 2(Jras(x? + y?) + Jioa(2* + w?))

+ Ji3(—2EEByw — (B3 — E)2) — JuuEy(E5 — 3E3) (2.42)
b= —Jyz — (01 — Jogo)w + w(Jogs(x? + y?) + Jooa(2* + w?))

+ Jo3(2E By + (E2 — E?)y)

W= —Jopw + (01 — Jana)z — 2(Jags (2 + y?) + Joou(22 + w?))

+ Joz(2E1 Eay — (Eg - E%)x)

The equations (2.42) represent the slow flow equations and are the solvability conditions

for the original equation (2.9) to have a bounded solution.

Application of MMS to model based control

We now apply MMS to the equations of the 2R robot driven by model based control.
The equations of motion are given by equation (2.18). For the application of MMS, after

ordering as done in the case for PD control, we have

2 2

0 0
[ﬂ+u4%mg&0—§m%+ﬂ+%%(—f)%—%%MM+%%

= —(O./l + 2042)Kpn(91 — ((13 + OéQ)KanQ — 62[<041 —+ 2042)Kvn0; + (Olg + O[Q)Kvneé]
+ E[(Oél + 20&2)Af1 + (Oé3 + OfQ)AfQ]((iEl + Eg)GiT + (—iEl + EQ)(EiiT)

«

Ky, , . .
+ ay (037”(291 + 0;) — 0:05[20] + 0’2]) + ZE(QAf1 + Ap) (€™ —e)05

(2.43)

0
1+ P,Ps (1 — ;)]0’{ + 05 + PaP30207 = — (a3 + g) Kpnh — a3 K s

+ E[(Oég + a2)Af1 + CY3Af2]((iE1 + Eg)eiT + (—iEl + Eg)eih)
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K, AL
— [(as + ) Kyn) + asKpn0h) 4+ o ( 2p 0,02 + 0,072 + i 2f1 (e — e‘”))

We follow the same procedure as was done in the case of PD control (from equa-

tion (2.23) onwards) and obtain the slow flow equations as

&= —Jigx — (301 — Ji22)y + y(J123($2 + yQ) + Jioa(22 + w2)) — Ja12 + Japw — Jy3
y=—Jin1y + (301 — Jia2)x — x(J123($2 + y2) + J124
z = —J2212 - (O’l - J222)w —+ U)(:]223($2 + y2) —+ J224(22 -+ w2)) — Ja5£L’ -+ JaGy (244)

W = —J221w + (0'1 — JQQQ)Z — Z(J223($2 + y2) + J224(22 + wz)) — Ja5y — JQGZL‘

(
(

22 + U}2)> — Jalw — JagZ — Ja4

where oy is the detuning parameter of the same form (although numerically different)
as given by equation (2.30) for PD control. The terms Jia1, Ji22, .... are different from

those in the slow flow equations (2.42) for PD control and are given in Appendix A.

2.4 Asymptotic Stability Analysis

In this section, we derive the analytical conditions for the asymptotic stability for the
system given by equations (2.42), (2.44) for the PD and model-based controllers respec-
tively, at the fixed point of the both the systems. Equations (2.42), (2.44) are autonomous
systems having nine fixed points. Although these fixed points cannot be explicitly given,
we can compute them numerically. We discuss the stability of these systems at one of
those fixed points, say fs = (x5, ys, zs, ws) — f is different for equations (2.42) and (2.44).
To analyze the asymptotic stability of equation (2.42), (2.44), we use the Routh-Hurwitz
criterion [57,58], the central idea of which is that in order for any system of equations to
be asymptotically stable, all eigenvalues of it’s Jacobian must have negative real parts.

We apply the Routh-Hurwitz criterion by following the sequence of steps:



Chapter 2. Asymptotic Stability of a Feedback Controlled 2R Planar Robot38

STEP 1 - Compute the Jacobian of equations (2.42, 2.44) at fixed point f;

or 0 dz Ow
ol

oz 0O 0z Ow
=\t ok o 0k (2.45)

or 0O 0z Ow

0f, 0f 0f ofs

[0 Oy 0z Ow

= (xvyzsz):(xs yYsyZs 7w5)

STEP 2 - Compute the characteristic equation of the Jacobian J; as
F.=1|Jp=X|=0 (2.46)
where [ is 4 x 4 identity matrix. The characteristic equation of (2.46) is of the form
F. = as)* + as)\® + a2 + a1\ + ag (2.47)

To apply the Routh-Hurwitz criterion, we write the Hurwitz matrix [57] which for the

above fourth-order system is given by

a3 Qg 0 0

ay Gz asz a4

(2.48)
0 ap ap am
0 0 0 a
The principal diagonal minors A;, i = 1, ..,4 of the Hurwitz matrix are
asz Qq 0
a3 Qg
A1 = ag, AQ = ;A3 = l|la1 ag as ,A4 = CL()A3 (249)
a1 Qa9
0 apg ap

From the Routh-Hurwitz criterion, the conditions for asymptotic stability require that
all of the principal diagonal minors A;, i = 1, ..,4 to be positive provided a4 > 0 [57,58],

i.e., we need

CL4>07 A1:CL3>O, A2:a2a3—a4a1>0
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Ag = a1a2a3 — CL4CL% — a§a0 > 0, Ay = ag >0 (250)

Simplifying the inequalities, the local asymptotic stability of the system at the fixed

point f, is guaranteed iff

hlzai >0 \V/’i:O,..,4, hgzagag—a40,1 >O,

hs = ayazaz — asai — azag > 0 (2.51)

We can make the following comments from (2.51):

o [f all of hy, ho, hy > 0, then the system is asymptotically stable — all roots of the

characteristic polynomial in equation (2.47) lie in the left half plane.

o If any of hq, ho, hg < 0, then the system is unstable and at least one root of the
polynomial in (2.47) lies in the right half plane. This case is not considered as the
feedback controlled planar 2R robot is known to have simple stability for trajectory
following [54].

o If Ay, Ay, As are positive, but Ay = 0, then the system is at the boundary of
stability. Since Ay = agAg, then either ag = 0 or A3 = 0. If ag = 0, then one of
the roots of the characteristic equation is zero and the system is on the boundary
of aperiodic stability. If As = 0, then the system has two complex conjugate
imaginary roots and the system is on the boundary of oscillatory stability [95].
The condition of A; = 0 is termed as marginal stability or indeterminacy,

and we cannot conclude on asymptotic stability.

In the next section, we compute numerically the values of controller gains K, and K,
where the slow flow equations of the 2R robot driven by PD and model based controllers
are asymptotically stable, i.e., the conditions in equation (2.51) are satisfied. The values
and ranges of controller gains where equation (2.51) results in indeterminacy are com-

puted and, in the next section, we discuss the approach to resolve the indeterminacy.

2.5 Numerical Simulation Results

In this section, we present the numerical simulation results for the asymptotic stability

analysis described in the previous section. To perform the numerical study, we choose
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the physical parameters of an existing robot used in reference [55]. These are as given
in Table 1.

Table 2.1: Parameters of the 2R planar robot

Parameter Link 1 Link 2

Mass (kg) 20.15 825
Length (m) 0.5 0.4
C.G. (m) 0.18  0.26

Inertia (kg —m?) 6.3 1.64

For purposes of numerical simulation, we use Ay, = (7/2) rad, Ay, = (7/4) rad.
The simulations were performed in MATLAB 2012Rb using in-built ode45 solver. The
relative and absolute tolerances were kept at 1075 and 107?, respectively. The results
were checked for convergence using for lower values of tolerances. We briefly describe

the procedure for computing the results shown in this section as follows

e Following STEP 1 and 2 in the previous section we compute the ranges of controller
gains K, and K, at which the slow flow equations given by equation (2.42) for the
PD controller and equation (2.44) for the model based controller are asymptotically
stable. This is done by checking for the satisfaction of the conditions given by
equation (2.51). The values of (K, K,) at which we get asymptotic stability or
indeterminacy are plotted in the (K,, K,) space.

e In the event that the Routh-Hurwitz condition given by equation (2.51) are not sat-
isfied, we get indeterminacy. To resolve indeterminacy, we compute the Lyapunov
exponents [32] on the slow flow equations of the PD and model based controller.
Thus, amongst the indeterminate regions, we get chaotic and non-chaotic regions.
The non-chaotic regions are asymptotically stable. The values for asymptotic sta-
bility derived from equation (2.51), and the chaotic and non-chaotic (and hence

asymptotically stable) values are plotted using different markers in the same plots.

e To verify whether the controller gains in the chaotic and non-chaotic regions do in-
deed demonstrate chaos and asymptotic stability respectively, we pick some values

of K, and K, in the chaos map in both chaotic and asymptotically stable regions.
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We then use these (K, K,) values in the original differential equations (2.9) and
(2.18) for the PD and model based controller and compute the Lyapunov exponents
for the said (K, K,) values. A positive Lyapunov exponent would indicate chaos

and the lack of one would indicate asymptotic stability.

We first present the results and observations for the simulation of the slow flow equations
of the PD controller given in equation (2.42) and then present the same for the slow flow

equations of the model based computed torque controller given in equation (2.44).

Simulation results for PD control

Figure 2.3 represent the plots of controller gains (K, K,) at various values of forcing
frequency (€2). In the figures, the small light blue dots represent asymptotic stability
as determined by the Routh-Hurwitz criterion given by equation (2.51). The red dots
represent asymptotically stable regions derived by computing the spectra of Lyapunov
exponents at these (K, K,,) values in the slow flow equations — at these points the largest
Lyapunov exponent is negative. The black dots in the plots represent chaotic regions
characterized by a largest positive Lyapunov exponent. We can conclude from the plots
that the ranges of controller gains (K, K,) for which the 2R robot driven by PD control

is asymptotically stable are those in the non-black regions.

To verify whether the results presented above are accurate, we pick two points in
(K,, K,) space — one in the black (chaotic) region and one in the non-black (asymptoti-
cally stable) region (as shown in figure 2.3 (b)) and substitute these values of controller
gains (K, K,) in the original equations of the 2R robot driven by PD control (equa-
tion (2.9)). We compute the Lyapunov exponents for these (K, K,) values. Figure 2.5
shows that the largest Lyapunov exponent corresponding to (K, K,) = (54,1) (black
region in the chaos map) is positive indicating chaos (absence of asymptotic stability),
whereas the largest Lyapunov exponent corresponding to (K, K,) = (54,4) (non-black
region in the chaos map) is negative indicating asymptotic stability. We have performed

similar tests for other points in the black and non-black regions.
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Figure 2.3: Chaos maps in (K, K,) space for PD control for various values of forcing
frequency €2

Observations

From the extensive numerical simulation results performed, we can make the following

observations on the asymptotic stability of 2R planar robot driven by PD control.

e For high values of K, and K, the 2R robot is asymptotically stable, irrespective

of the forcing frequency.

e For low values of K, and K,, the 2R robot is asymptotically stable for higher

values of forcing frequency €2, but is chaotic for lower values of €.

e For low values of K, and high values of K, the 2R robot is asymptotically stable,

irrespective of the forcing frequency
e For low values of K, and high values of K, it’s asymptotic stability depends on €.

e For lower values of 2, for mid-range K, (30 < K, < 75) and low K,, the motion
of the 2R robot is chaotic. But for extremely high values of K, (K, > 100), the
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Figure 2.4: Chaos maps in (K, K,) space for PD control — 2 = 8
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Figure 2.5: Spectra of Lyapunov exponents of the 2R robot equations (2.9) — (a)
(K,, K,) = (54,1) — chaotic (b) (K, K,) = (54,4) — asymptotically stable

PD controller is stable even for lower values of K,

e For higher values of €2, i.e. for 2 >= 8, the PD controller of the 2R robot is
asymptotically stable for all values of K, and K.

e It must also be pointed out that range of all K, K, values in the plot is kept less
than the values for critical damping. The critical damping of a 2R planar robot is
given by K, = 2\/Fp. Hence, if we consider K, values from 0 to 100, then critical
damping is given by K, = 20 and we consider K, values from 0 to 20. The values
for outside this range was not obtained as it is intuitively well known that over
damped systems (K, > 2,/K,) are not chaotic.

Simulation results for model based control

For the simulation of the slow flow equations of the model based controller, we assume

a forcing frequency Q = 2 (rad/sec).



Chapter 2. Asymptotic Stability of a Feedback Controlled 2R Planar Robot44

oooooo
......
oooooo

s
e

......
oooooo
......
......
------
......

......

......

T e T PR

0 5 40 15 20 = 25 30 3B 40 = 45
Kp

(a) e =—0.8

Figure 2.6: Chaos maps in (K, K,) space for model based control
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Figure 2.7: Chaos maps in (K, K,) space for model based control — e = —0.9

Figures (2.6-2.7) represent the plots of controller gains (K, K,) at various values of
mismatch parameter e. As in the case of PD control, the small light blue dots repre-
sent asymptotic stability as determined by the Routh-Hurwitz criterion given by equa-
tion (2.51). The red dots represent asymptotic stability and the black dots represent
chaos as determined by the computation of Lyapunov exponents in the slow flow equa-
tions of the model based controller. Thus, the black regions represent chaos whereas the

non-black regions (blue or red) represent asymptotic stability.

To verify the above results, we again pick two points in (K, K,) space- one in the
black (chaotic) region and one in the non-black (asymptotically stable) region (as shown
in figure 2.7) and substitute these values of controller gains (K,, K,) in the original
equations of the 2R robot driven by model based control (equation (2.18)). Figure 2.8
shows that the largest Lyapunov exponent corresponding to (K, K,) = (46,1) (black

region in the chaos map) is positive indicating chaos, whereas the largest Lyapunov
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exponent corresponding to (K, K,) = (46,8) (non-black region in the chaos map) is

negative indicating asymptotic stability.

o o
W
3
f}
2 o
a8 @

=]
[x]

o o
ra

Lyapunov exponents

Lyapunov exponents
L= . -

&
w
&
@

&
&
]
@

100 200 300 40 500 500 700 0 100 200 300 40 500 500 700
Time Time

(a) (b)

Figure 2.8: Spectra of Lyapunov exponents of the 2R robot equations (2.18) — (a)
(K,, K,) = (46,1) — chaotic (b) (K, K,) = (46, 8) — asymptotically stable

Observations

From the extensive numerical simulation results performed, we make the following obser-
vations on the asymptotic stability of 2R planar robot driven by model based computed

torque control scheme.
e Chaos exists for greater underestimation (e < —0.6) of the model of the 2R robot.
e The controller is asymptotically stable for e > —0.6.

e Ranges of K, and K, for asymptotic stability vary with the degree of underesti-
mation in the model. For larger underestimation, the ranges of K, and K, for
asymptotic stability are smaller. For smaller underestimation, the ranges of K,

and K, for asymptotic stability are larger.

e Chaos exists for mid-range to higher values of K, (depending upon mismatch pa-
rameter e) and lower values of K,. But unlike PD control, chaos exists even for

very high values of K.

e The range of all K,, K, values in the plot is kept within the range of critical
damping.
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2.6 Concluding Remarks

In this chapter, the nonlinear dynamical equations of a 2R planar robot driven by PD
control and model-based computed torque control following a desired trajectory was
analyzed. An semi-analytical method is proposed and the range of controller gains
for which the 2R robot is chaotic or asymptotically stable was obtained. The non-
dimensional nonlinear ordinary differential equations were analyzed at different time
scales by using the method of multiple scales and four slow flow equations were derived.
The Routh-Hurwitz criterion was used on the slow flow equations, at a fixed point,
to derive analytical conditions for asymptotic stability. The conditions for asymptotic
stability were used to compute the ranges of controller gains at which the 2R robot is
asymptotically stable or indeterminate. As the use of Routh-Hurwitz criterion can also
result in indeterminacy for certain controller gain values, the slow flow equations were
further analyzed for the possibility of chaos using Lyapunov exponents. The values of
gains, in the indeterminate regions, for which one of the Lyapunov exponent is positive
results in chaotic motion and hence for such gain values, the planar 2R robot cannot
follow a desired trajectory and be asymptotically stable. The results obtained in this
work imply that results related to asymptotic stability of robots following a desired
trajectory, available in literature, needs to be re-looked.

The approach of using the method of multiple scales and Routh-Hurwitz criterion is
not limited to a planar 2R robot. The number of slow flow equations and the dimension of
the Jacobian matrix in n degree-of-freedom robot manipulators would be 2n and 2n x 2n
respectively. This increase in the number of equations and the dimension of the Jacobian
matrix would however make the task of obtaining controller gains for asymptotic stability

or chaos more difficult.



Chapter 3

Chaotic Dynamics of a Rotating
Flexible Link

The study of the dynamics of flexible manipulators has been an important subject in
the field of robotics for the past two decades. Most of the work done on flexible manip-
ulators assume small deformation and use a linear strain-displacement relationship via
the linear beam theory [96-98]. However, it has been shown that a linear beam theory
approximation is inadequate for fast moving flexible structures [99]. Moreover, it has
also been shown that the linear approximation results in the loss of stiffness due to the
partial transfer of centrifugal force to the bending equation [100]. Accurate mathemat-
ical modeling of flexible manipulators therefore must consider large deformations and
thus can only be developed by considering nonlinear elastic deformation in the flexible
manipulators. Nonlinearities arising out of large deformations are called geometric non-
linearities [101,102].

There is very little literature on the dynamics of flexible beams with geometric nonlin-
earities involving chaotic motion [103-105]. Moreover, the application of the method of
multiple scales, as presented in Chapter 1, was done mostly to two or three dimensional
systems. In Chapter 1, we pointed out the very little literature that was available for the
application of MMS to the study of four-dimensional systems. The simplest model of the
dynamics of a flexible beam, subjected to large deformation and geometric nonlinearity,
leads to a four-dimensional system [60]. In this Chapter, we study the dynamics of this

four-dimensional system using MMS.

47
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In an earlier work [60], a flexible link manipulator with geometric nonlinearities was
modeled using a finite element technique to yield four governing ODEs. The four ODEs
were written in a non-dimensionalized form using two characteristic velocities, namely
the speed of sound and a velocity associated with the transverse bending vibrations of the
beam. In this Chapter, we analyze these four ODEs and show that for certain ranges of
values of these characteristic velocities the system of equations representing the rotating
beam can exhibit chaotic motions. We further show that these values of characteristic
velocities are possible to obtain in a rotating blade of a wind turbine (modeled as a
beam) or in a flexible link manipulator. Further, we analyze the effect of the presence of
damping (Rayleigh damping) on the equations of the flexible manipulator and demon-
strate that chaotic motion observed is of a very different nature in damped system as

opposed to the undamped system.

This Chapter is organized as follows: In section 3.1, we briefly describe the rotating
flexible beam and present the nonlinear ODESs used to model the undamped and damped
rotating beam undergoing large deformation and present the non-dimensional form of
the equations derived using the two characteristic velocities. In section 3.2, we present a
multiple scales analysis of the system of four ODEs to derive the slow flow equations and
analyze the system of equations for the undamped and damped case. In section 3.3, we
analyze the nature of the system and compute the fixed points of the system. In section
3.4, we examine the results obtained from numerical simulations to obtain better insight
as to the range of characteristic velocities for which the system can exhibit chaos. In

section 3.5, we present conclusions of this chapter.

3.1 Description of the Rotating Flexible Beam

The modeling of a rotating flexible beam, undergoing large deformation and the deriva-
tion of equations of motion in a non-dimensional form is presented in reference [60].

These are presented in brief in this section.

The rotating link was schematically shown in Chapter 1 and the figure is reproduced
in figure 3.1 below for convenience. The link is discretized into a finite number of beam

elements, with all its nodal variables as described in figure 3.2, defined in the body-fixed
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Figure 3.2: A planar beam element

co-ordinate system 0;X;Y; with O;X; along the tangent at the (2i — 2)*® node of the
system. The co-ordinate system OXY is the global co-ordinate system as shown in
figure 3.1 and an arbitrary point on the flexible link, in the global coordinate system, is
denoted by °P;. The rotating flexible link is assumed to have constant cross-sectional
area and uniform material properties and is assumed to undergo axial elongation in
addition to transverse bending. From the figures (3.1, 3.2), it can be observed that 6, is
the global variable and (ug;_1,Vo;_1, $2i—1, --.., Ui, Vo, ¢2;) are the nodal variables of the
system. The index i refers to the ith discretized element (in figure 3.1, OA is the first
element, OB is the second element and so on) of the beam, whereas the total number
of such elements of the beam is given by N. In our work, we consider only one element,

hence N = 1. The beam is assumed to undergo large deformations hence a nonlinear
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strain-displacement relationship needs to be used to describe the relation between the

strain and the displacements. Following the development in reference [60], we can write

2 2
P (00 -

ox 0x? ox

where €, denotes the normal strain, and u, and u, denote the longitudinal and transverse
displacement at axis y = 0 (see figure 3.2) respectively. The above strain-displacement

equation can be used to obtain the strain energy of the system as
EA [ (o)’ EI [ [%,\?
= — ) dr+ — Y1 d
v 2 /(830) a:—i—2 <3x2> o
0

0

21 (5) () o

where F, A, I, | denote the Young’s modulus, cross-sectional area, moment of inertia

of cross-section and length of the beam, respectively. It can be observed from equa-
tion (3.2), that the nonlinearity is quadratic and represents the geometric nonlinearity

associated with transverse bending and axial deformation.

Following the development in reference [60], the total kinetic energy of the beam
can be obtained from the time derivative of the vector °P; and integration. It can be

expressed as
1., )
T = Q"M (3.3)

where [M] is the mass matrix and @ is the vector of generalized coordinates given by
(01, 8)T with S denoting the vector of nodal variables given by (uy, v1, @1, ....., Usn, Van, Pon)

(see figure 3.2).

The total potential energy of the beam can be obtained from equation (3.2), and can

be written as

- %ST([K] +AK(S))S (3.4)
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where [K] is the conventional stiffness matrix and [AK(S)] is the geometric stiffness
matrix. From the potential and kinetic energy given by equations (3.3) and (3.4), the
equations of motion can be derived using a Lagrangian formulation. The nonlinear

differential equations can be schematically written as

[M(QIH{Q} + ([K] + [AK(Q)D{Qs} + h(Q,Q) = {7} (3:5)

where h(Q, Q) is the vector of Coriolis and centripetal terms, {r} = [I',0,0,0]” is a
vector of input torques and Q; = (0, uz, ve, p2)” is a vector of flexible variables. Equa-

tion (3.5) represents a set of four second-order ordinary differential equations.

The equations of motion (3.5) can be non-dimensionalized [60] using two character-

1 |EI E
ngz\/p:A, Uaz\ﬁ, T=t/(L/U,) (3.6)

where U, is the speed of sound and Uy is a characteristic speed associated with bending

istic velocities

vibration and 7" is a non-dimensional time. The quantity U, is dependent on geometric
and material properties of the beam whereas U, is purely a material property. For a

circular cross-section beam of radius R and length L, we can relate U, and U, as

1 |EI 1 |E [7R*/2 U,R
Ug_z. A1\, Vam 1o (3.7)

The above equation indicate that U, decreases with larger L and smaller R, i.e., U, is

small for thinner and longer beams.

The equations of motion in the non-dimensional form can be written as

M@ Q' + (K4 AK(@s. (7)) (@) +C1Q) + (HQ. QN =1 TEs (33)

where (+), (-)" represent the first and the second derivative with respect to non-dimensional
time T, M is the 4 x 4 non-dimensional mass matrix, I and AKX are the 4 x 4 non-

dimensional conventional and geometric stiffness matrices respectively, H is the 4 x 1
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vector of non-dimensional centripetal and Coriolis terms, {7} = [F sin(FT ),0,0,0]"

g
with " and Q denoting the amplitude and the frequency of forcing term (see Appendix
B for details of the terms in equation (3.8)) and C{Q)'} represents an added Rayleigh
damping term of the form a[M)] + S[K].

In this work we focus on U, and show that for certain ranges of Uy, the system of
four ODEs in equation (3.8) can exhibit chaos. For numerical simulations in section 3.4,
we will use the values given in Table 3.1 and we assume the value of amplitude of forcing
F = 7/2 and the values of the Rayleigh damping coefficients as & = 0.02 and 5 = 0.02.
The reason for choosing the particular values of damping co-efficients o and 3 is that
high damping increases stability and hence there is no chance of chaotic motion. Hence,
we choose low values of a and (3 as given above to enable the possibility of exploring
chaotic motion. It may be noted that the p and E values given in Table 3.1 are of E-glass
which is used to make wind turbine blades and the value of L is for a 50 kW wind turbine
made by Endurance Wind Power Ltd. [106]. The value of © is the operating angular
speed of the wind turbine blade.

It maybe noted that the blade cross-section in not uniform in a wind turbine and the

Table 3.1: Parameters of the rotating flexible beam

Parameter Numerical Value
Material E-Glass
p 2550 kg/m?
F 80 (GPa)
E
U, \/— = 5601 m/s
P
L 9 (m)
Q 42 (rpm)

U, value is not known. In section 3.4, we show that if the blade is assumed to have a
uniform circular cross-section, then for certain values of U, (and resulting value of the
circular cross-section), the system of equations modeling the rotating blade can exhibit

chaos.
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3.2 The Method of Multiple Scales

In this section, we apply MMS to the equation (3.8) with and without damping. To
apply MMS, we use the same procedure described in Chapter 1. We seek a uniform

expansion for the solution of equations (3.8) in the form
[E(t, 6) = EZL’IQ(T07 Tl) + €2ZE11(T0, Tl) (39)

where, € is a small dimensionless measure of x which can be any of the variables (6,
Us, Vo, ¢2), Ty = t is the fast scale associated with changes occurring at the forcing
frequencies (2 and the natural frequencies w,, and T} = et is the slow scale associated
with the modulations of the amplitudes and phases due to nonlinearities and resonances.
Equation (3.9) ensures that the nonlinear effects in equations (3.8) appear at the second-
order. Ordering the damping and excitation effects so as to appear at the second-order,

we can rewrite the set of equations as:

M@ + (1E-+ k(@ 7)) 1)+ (€10)) + (1@, = ¢ (7
(3.10)
We perform a multiple scales analysis on equation (3.10) — the results for the undamped

case can be obtained by setting the damping to zero. Substituting equations (3.9) into

equation (3.10) and equating coefficients of like powers of €, we obtain

Order ¢

1 7 1
3 D360 + 55 06Va0 — 5505620 = 0
1 U2
3D2U20 + ﬁU20 =0 (311)
7 13 11
20D 010 + 12V + 35D2V20 6020 — 210D(2)¢20

1

— D20 1 e 4 1 pe
~ 30 10 — 6Va — 510 0 Voo + 4oy + 105 0P20 =0

where D2 = (9?/9T?). The solution of equations (3.11) is of the form

010 = A3€ZW3T0 + A46Zw4TO + c.c.
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U = Age™?™0 + c.c. (3.12)
‘/'20 = ng(Ageingo) + 034<A4€iw4T0) + c.c.
Pa0 = Cyg( A7) + Cyy(Aye™ ™) + c.c.

where c.c stands for complex conjugate and the derivation of equation (3.12) is given in

Appendix B. The above equations are used for obtaining Order €* equations next.

Order ¢?
1 7 1 2 1 7 1
—D?6 — D2V, — —D?¢9y1 = —=Dy D10 ——Dybg — — Dy Voo + —D
3 011+20 0¥21 ~ 55 0P21 30 100 + 3 P00 — 55 020—1—20 0920
2 7 7 1
— §U20D3910 + (ﬁvm — %) DiUsy — 1—0D0D1V20 + EDoDlﬁbzo
D? TD2Vx 2
+ Uy ( (;((2)520 — 200 20) - §D0U20D0910
1 U? o 2 7D,V D0
ngUm + U—gzUm = —§D0U20 — §D0D1U20 + ( 100 20 4 03 10) D019
Uz (3 2 Vaod % )
U2 (EVQ% * 1_2; B 22020) * ( 250 B 2_2(;)> Ditho (3:13)
g
7 13 11 T 13«
%DSGH +12V5 + £D§%1 — 6¢o1 — ngﬁbm = _%DOQIO — (g + 12/3) DoV
26 1la 11 7 7
— £D0D1V20 + (m + 65) Do + ﬁDoDl@o — TODOUZOD()elO — 2—0U20D3910
U? (6 7
- U_(; (gvzo + (%O) Uso — ED0D1910
g
1 11 1 a 11
- 2—0D§911 —6Va — mD(%%l + 4 + 1—05D(2)¢21 = %DOGIO + ﬁDoDlvﬂ)
lla o 2 1
- (2—10 + 65) DyVoy — (ﬁ + 45) Dopag — ﬁDoDﬂﬁzo + ED0U20D0910
1 U? Voo . 2090 1

It is important to note that there are infinite number of eigenvalues and modes for
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a continuum. For nonlinear systems, the linearized mode that is directly excited by
an external excitation or indirectly excited by an internal resonance with one of the
natural frequencies will survive and all other modes would decay in time. In this case,
we consider an internal resonance between the second and third mode and a combination
external resonance with third mode. In order to separate the secular terms, we introduce

a detuning parameter as follows:
wy = 2ws + €0y, ) =ws+ €0y (3.14)

To determine the solvability conditions, we seek a particular solution free of secular terms

corresponding to the terms proportional to e™»7° in the form
! 4
911 = Z Pi<T1)elwiTo7 U21 — Z Qi<T1)ewiTO (315)
i=1 —
: 4
Vo1 = Z Ri(Tl)elwiTo, ¢21 — Z Si(Tl)eMiTo
i=1 —

Substituting equation (3.15) on the left-hand side of equation (3.13) and equations (3.12),
(3.14) on the right hand side of equation (3.13), and equating the coefficients of the pow-
ers of €270 and €370, we can determine the solvability conditions, thus eliminating the
secular terms. Since we have considered resonance between the second and the third
modes, we shall consider only the second and third modes in (3.13) at powers 270 and

eiw;;To

At ey

1
— gWQPQ %W%RQ + 2—OwgS2 =0
Uz Wi
Za 72 -Y- 3.16
(5% ) @ (3.16)
7 13 11
1 11 1
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At ewsTo
1 7 1
- gwgpg 2_0ng3 + %u}gSg == Z1
Uz w3
Za 73 =7 3.17
(;5-5) -2 .17
7 13 11
1, 1, 1,
2—0w3 3 + (TOCL@, — 6>R3 + (4 — ﬁ(ﬂ:;))Sg = Z4
where
2 0 2 —ioT: N
Y, = —§A2<Zu}2) + Jog Az — A2(zw2)§
r. . — Fi .
Zl = A3(ZUJ3)ZH + A3(ZC¢J3)Zd1 —|— A2A36201T1Z12 — 76102711
Zo = (3.18)

ZS = A;(ZCL)g)Zgl -+ Ag(iwg)ng + AQZ3ei01T1Z32
Z4 = Ag(ZW3)Z41 + A3 (iw3)Zd4 + AZdeio—lTl Z42

The terms used in the above equation such as Jo, Z11, Z19, ... are given in Appendix B.

Equations (3.16) and (3.17) are a system of four inhomogeneous equations for P,,, Q,,, R, Sy.
Considering equation (3.16), the homogeneous parts have a non-trivial solution because

the determinant of the co-efficient matrix is

7

)2 0 2 2
342 v 202 202
w
0 —a 2 0 0
U? 3
g =0 3.19
o0 (12-Bu) (Mg (3.19)
20 35 210
1 11 1
w2 0 g 8) 4w

Equation (3.19) represents the determinant matrix of equation (3.16). Hence the non-
trivial solution or the solvability conditions can be determined [35] by replacing the first

column in equation (3.19) by the column on the right-hand side of equation (3.16). This
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gives
7 1
0 0 ——w? —w3
g 202 202
v, =2 0 0
U, 3
“3572) \210"2
11 1
0 0 —w2—6 4 — —w?
210 1052
The above condition yields,
2 00 2 —io T N
Y, = —§A2(zw2) + JyppAze T — A2(1w2)§ =0
A — A — 2 A2~ i1 Th 21
=1 2 2 2 + 2@2 36 (3 )

’ [0 .
— ZA2 = —AQE + JQA%@ilalTl

The above equations represent amplitude modulation equations at 270, We consider

the same analysis as above for equation (3.17). The determinant of the coefficient matrix

of equation (3.17) is set to zero and we can write

Hence, by the same logic used to derive solvability matrix at e™270

I 7 1
__ 0 42 2
3% v 203 203
w
0 - _ 3 0 0
7 U 13 11 =0
1 11 1
%wg O 2—100.)32, — 6 4 — ﬁwg

(3.22)

given by equa-

tion (3.20), we derive the solvability matrix at €370 from equation (3.22) as

Z
U2
Ly —=
h
Z3
Zy

7
0 2
) 20™3
W 0
3
13
1n
0 w26

=0 (3.23)
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Substituting the values of 7y, Z,, Z3 and Z, from equation (3.18) in the above equa-

tion (3.23), we derive the solvability conditions as

A;,(Wiﬁ){leZwl + Z31 23 + Zar Za
+ As(iws)(Za1 Zun + ZasZws + ZasZwa)

+ AzAsewlTl{ZlQZwl + Z39 23 + ZaoZa} — gewﬂl Zuy =0

/ —_ . i
— Al (iws) Ly + As(iws) Zay + As Az T Ly — 726“72:” Zr =0

— Ay = —AsJsg + J1T 4 Jgyi Ay Aze’' T (3.24)
where J3d = (Lgd/Ll), J31 = (FZw1/2CU3L1),J32 = (LQ/CL)ng) and the values of ZH, Z31,
are given in Appendix B. The final amplitude modulation equations are given by (3.21,

3.24). We club them together as

iA = _AQ% + JyAZe=iniTh (3.25)

A; = —A3J3d + ngeiUQTl + J32iA2Z3€iolTl

Introducing the polar notation A,, = a,e®" and inserting it into the above equation (3.25),

we get
' o
Ay = —§a2 - Jga?,) sin 7y
, a3
b2 = —J2—3 COs 7y (326)
ag
a; = —J3qa3 + J31 cosd — Jazazsinvy

' 1
by = —Js18in 0 + J3za9 cosy

as
where 0 = o917 — b3, v = o111 + by — 2bs and as, by, a3, by represent the polar co-
ordinates (amplitude and phase) of As and A3 respectively. Modifying coordinates using
T = a9 COS7, Yy = agsin-y, z = agcosd and w = agsind, we have the final set of four slow

flow equations given by

. Q yw
= ——T — 2J. 2J31———
z 5 T — 01y + 2Jd322Yy + 2J31 2w
Tw

.« 2 2 2
y=—gytoir— Jo (27 4+ w) = 230" — 2J31m (3.27)
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2= —J3qz — oqw + J31 + Jao(xw — yz)

W = —Jzqw + 09z — Jsa(yw + 2)

In the above equations representing the damped slow flow equations of the beam, J34
is dependent on the Rayleigh damping parameters a and . For the undamped slow flow
equations, we set a = 0 and § = 0 in the above equations, and, as a result, the terms
a and J3; will vanish. For the purpose of this Chapter, we call equation (3.27) with
non-zero (o, ) as the damped slow flow equations. If « = § = 0, we call equation (3.27)

as the undamped slow flow equations.

3.3 Analysis of the Slow Flow Equations

Before numerically simulating the equations (3.27), we try to understand the nature of
these equations. We can observe that

e The first two equations contain a factor ﬁ This factor arises from using

z = agcosd and w = agsin g in equation (3.26) and, as shown in simulation results,

the behavior of z(t) and y(¢) is very different than the behavior of z(¢) and w(t).

It can be seen that x, y depend upon ~y, whereas z, w depend upon §. Additionally

from equation (3.26), v is a function of by, b3, whereas ¢ is only a function of bs.

e The relationship between z, vy, z, w to the original variables, 0o, Usg, Voo and ¢gq
of the flexible beam is given by equation (3.12) and one can infer the behavior of
the original rotating flexible link from the behavior of x, y, z and w. As will be
shown in Chapter 4 (section 4.2), z, w go to zero and this implies that V5, and ¢

(see figure 3.2) also go to zero.

To check if the system given by equation (3.27) is dissipative or not, we calculate the
gradient of the volume enclosed by the system. As discussed in Chapter 1, this is given
by

o, _Of 0fy Ofs Ofi
div V = o + By + ER + B (3.28)
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where f1, fa, f3, fa respectively, denote the four equations in (3.27). Substituting equa-
tion (3.27) into equation (3.28), we have

divV = 2J32y —a+0-— J32y — Jggy — 2J3d = —(Oé + 2J3d) (329)

From equation (3.29), we can observe that the divergence is nonzero iff a+2J34 > 0,
i.e., the system is dissipative and the volume enclosed by the system is not preserved for
all values of parameter U,. Hence, the system of equations can have chaotic attractors
or repellors. For an undamped system, o and J3; are zero, and hence the gradient for
an undamped system, as given by equation (3.29), can be seen to be zero. This implies
that the undamped system is conservative and the volume enclosed by such a system is

preserved for all U;. Such a system cannot have chaotic attractors and repellors.

Fixed points

The fixed points of the slow flow equations given by equations (3.27) are obtained by
setting © = y = 2 = w = 0. We first consider the undamped slow flow equations obtained
by setting a and Js4 as zero in equation (3.27). After simplification, the fixed point of

the system are obtained as (z,, 0,0, w,, ) where (z.,,w,,) are given by

N1/3 202(0 — 209) N 20
Loy =
6J32(0'1 — 20'2) 3J32N1/3 3J32
I3
e = T 1 3.30
v 09 — J32£C€1 ( )
where
N = (01 — 203)*x (3.31)

{80’30’1 + 160’;L + 108J32J22J§1

Joo(—403 8ot 4+ 27 2
+ 12J31J32\/3 z( o301 + J02 ki J32J22J31)}
32

The fixed points of the undamped slow flow equations for different values of U, can be
computed from equation (3.30) and (3.31). The fixed points for representative U, values
are given in Table 3.2 below. The damped slow flow equations given by equations (3.27),

where o #£ 0, J3q # 0, have no fized points although the damped slow flow equations
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Table 3.2: Fixed points of undamped slow flow equations

U, Fixed points

250 (-67.8988,0,0,-4.0000 +58.1750i),
(-67.8988,0,0,-4.0000 -58.17501), (0,0,0,2)

150  (0,0,0,0), (-24.3996,0,0,-0.5000 +77.6724i),
(-24.3996,0,0,-0.5000 -77.6724i)

100 (0,0,0,0.1250), (-10.8228,0,0,-122.75-0.061991),
(-10.8228,0,0,123.5+0.06199i)

50 (0,0,0,0), (-2.6902,0,0,-27.5044 + 0.0004i),
(-2.6902,0,0,27.5058 - 0.0004i)

show the existence of an attractor. Since there are no fixed points, the attractor can be

an attracting limit cycle.

3.4 Numerical Simulation

We now present the numerical simulation of the damped and undamped slow flow equa-
tions of the flexible beam given by equation (3.27). We check the equations for the
existence of chaos by considering as parameter the non-dimensional characteristic veloc-
ity U,. For this purpose, we use phase plots, Poincaré maps and Lyapunov exponents
described in Chapter 1. To perform the numerical study of the system in equation (3.27),
we use the parameters given in Table 3.1. All simulations were done using MATLAB
2012Rb [17] and odel5s solver was used to solve the differential equations. The relative
and absolute tolerances were kept at 107° and 107 respectively. The results were veri-

fied to converge to those shown in this section for lower values of tolerances.

Figures (3.3-3.4) show the numerical simulation results of the undamped slow flow
equations given by setting a and Js; as zero in equation (3.27). Figure 3.3 show the
Poincaré maps of the undamped slow flow system. All the maps shown in figure 3.3 are
magnified. Figure 3.3 (a) shows the formation of nonlinear resonance islands at U, = 250.

The resonance islands can be observed as elliptic formations, and the appearance of
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Figure 3.3: Poincaré maps for the undamped slow flow equations

‘straight lines’ in between the islands, known as invariant tori [107,108]. Figures 3.3
(b,c) show the Poincaré maps at U, = 150 and U, = 100. We can see that with the
decrease in the value of the parameter Uy, the islands are slowly destroyed, implying that
nonlinear resonances overlap to break the tori and produce chaotic motion as shown in

figure 3.3 (d) with the map filled with chaotic trajectories as shown.
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Figure 3.4: Plot of Lyapunov exponents at U, = 50 — undamped case
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To confirm chaos, we compute the largest Lyapunov exponent. In figure 3.4, the spec-
trum of Lyapunov exponents is shown for U, = 50. It can be easily observed from this

figure, that the largest Lyapunov exponent is positive, and hence chaos exists at U, = 50.

Figures (3.5-3.6) show the numerical simulation of equation (3.27), representing the
damped slow flow equations. The map shown in figure 3.5 (c) is magnified and one can
observe the dissipative motion of the system towards the attractor and with the curves

winding up on a attractor.
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Figure 3.5: Phase plots for the damped slow flow equations

In figure 3.6, the spectrum of Lyapunov exponents is shown for U, = 105. It can
be observed from this figure, that the largest Lyapunov exponent is positive, and hence
chaos exists at U, = 105 and the attractors shown in the phase plots for U, < 105 are

chaotic attractors.



Chapter 3. Chaotic Dynamics of a Rotating Flexible Link 64

60 T T T

40t -

Lyapunov exponents
(=]

_2% d

-40 —_—

] 1 I L 1 1 1 |
60 100 200 300 400 500 600 700
Time

Figure 3.6: Spectra of Lyapunov exponents at U, = 105 — damped case

Observations

From the results presented, it can be observed that in the undamped system of equations
chaos occurs by the breaking up of tori by the overlap of nonlinear resonances. For the
damped system, however, chaos occurred by the motion settling onto an attractor. The
reason for this different routes to chaos is due to the fact that the damped system of
equations, as shown in section 3.3, are dissipative. Thus the volume of the system in
state space reduces until it settles onto an attractor. On the other hand, the undamped
equations are conservative, i.e., the volume of the system in state space is conserved for
all values of system parameter U,. Chaos in conservative systems occurs by the mixing

of nonlinear resonances to break the tori as described earlier.

From the numerical simulation results, it can be also seen that the chaotic motion
for the undamped slow flow equations appears at U, = 50 and for the damped slow flow
equations at U, = 105. From extensive simulations, it was observed that for U, greater
than 150, there is no chaos for the undamped slow flow equations. If we assume that
the rotating wind turbine blade has a uniform circular cross-section, using the parameter
values in Table 3.1 and from equation (3.7) we obtain that an U, value of 150 corresponds
to R ~ 34.08 cm. Hence, to avoid chaotic motion, the radius of the blade must be more
than 34.08 cm. Likewise, for the damped slow flow equations, for an U, value greater
than 200, no chaos is observed in simulations. Using equation (3.7), the corresponding

radius of the blade is R ~ 45.44 c¢m and hence, in order to avoid chaotic motion, the
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radius of the blade must be more than 45.44 cm. It may be noted that a rotating wind
turbine blade will be subjected to torsion as well as bending and in that sense, the U, and
corresponding R values are only indicative. Nevertheless, the chaotic dynamic analysis

presented in this work can be used in the initial design of the wind turbine blades.

3.5 Concluding Remarks

This Chapter dealt with the chaotic dynamics of a flexible rotating beam with large
deformation and geometric nonlinearities. The equations of motion were obtained as
a set of four ordinary differential equations and were non-dimensionalized using two
characteristic velocities representing the speed of sound (U,) and speed of transverse
vibrations (U,). A perturbation analysis was done to study the nonlinear system at a
slower time scale and the slow flow equations were derived from the original nonlinear
ordinary differential equations by the method of multiple scales. Both the undamped
and damped system of equations were obtained and analyzed. The slow flow equations
were simulated numerically to investigate the existence of chaos. From the numerical
simulation results, it can be concluded that in both undamped and damped cases chaos
is obtained below certain values of U,. The practical application of this analysis would
be in the initial design of a rotating wind turbine blades where the radius of the blade

could be chosen to avoid possible chaotic motion.



Chapter 4

Synchronization of Chaos in a
Rotating Flexible Link

In the previous Chapter, we analyzed the chaotic motion of a flexible rotating link, mod-
eled as a one link flexible beam. We performed a multiple scales analysis on the equations
of motion of the beam and derived four first-order autonomous equations, also known
as slow flow equations, of the system which represent the solvability conditions for the
beam’s equations to have a solution. The slow flow equations were shown to be chaotic.
In this Chapter, we develop a method for controlling chaos using a technique known as

chaos synchronization.

In the recent past, chaos synchronization has received significant attention after the
work of Pecora et al. [69,70]. The idea behind chaos synchronization is as follows. Any
chaotic system, by definition, is sensitive to initial conditions. The same chaotic system,
when simulated with one set of initial conditions shows one particular kind of behavior.
But when the initial conditions are altered, even slightly, the behavior of the system
radically changes. Chaos synchronization is a technique by which the behavior of the
chaotic system at different initial conditions is synchronized, i.e., irrespective of the ini-
tial conditions of the system, the behavior of the system, after synchronization, does not
change. The implication of this is that the core feature of chaos, which is sensitivity to

initial conditions, is nullified.

We consider a chaotic system-known as the drive system, which we operate at one

set of initial conditions. We then consider an identical system to the drive system-known

66
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as the response system, which we operate at a different set of initial conditions. In the
absence of a controller, the behavior of the drive and response systems after some period
of time, will diverge due to the property of chaotic systems, i.e., sensitivity to initial
conditions. The central idea of synchronization is to design a controller such that the re-
sponse system asymptotically tracks the drive system. This means the behavior of both

the systems will converge, thus nullifying the property of sensitivity to initial conditions.

The chaos synchronization approach is conceptual. More work needs to be done to
implement this on a physical system and such an implementation or its details (real-
time, measurement of states and its relationship to the actual variables of the rotating
link, output of the controller etc.) is outside the scope of this work. To describe chaos

synchronization conceptually, consider

X4 = f(Xy) Drive System
X, = f(X,)+U Response System (4.1)

where Xy, X, are the vectors of state variables of the drive and response systems
respectively, while U is the vector of controllers. The idea of chaos synchronization is
to design U such that X, tracks X; and the error between the two goes to zero. To

implement the controller, we follow the scheme as shown in Figure 4.1.

X,(0).X,(0) X,(0.X,0)

Figure 4.1: Schematic of Controller for Chaos Synchronization

In figure 4.1, the inputs are the vectors of initial conditions X4(0), X,.(0) of the drive
and response systems respectively. The difference between the two will be the initial
error vector F(0). The initial error vector and the initial response vector will be used to
compute the control law U. The control law is then substituted into the second part of
equation (4.1), which in turn is integrated to calculate the response vector X, (t). The
drive vector Xy(t) is computed by integrating the first part of equation (4.1). Now the
error vector is computed as E = X4(t) — X,.(t). This error is resubstituted to compute

the control law U.
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A number of approaches for chaos synchronization already exist in literature and
were presented in Chapter 1. Apart from those mentioned in Chapter 1, global chaos
synchronization was studied using sliding mode control [109,110] on the Li-Wu and the
Zhu systems, respectively. Chaos Synchronization of chaotic chua system with cubic
nonlinearity in complex coupled networks [111] and modified projective synchronization

of different order chaotic systems with adaptive scaling factor [112] were also studied.

In this Chapter, we perform the chaos synchronization of the equations of a flexible
rotating link studied in the previous Chapter. In Chapter 3, we studied the chaotic
dynamics of a flexible link modeled as a beam, which for practical purposes, we considered
as representing a rotating power generating wind turbine blade. We then derived (using
MMS) four first-order autonomous slow flow equations (equation (3.27)). In this Chapter,
we reintroduce those equations and explain the nature of chaos in those those equations.
Then we develop an active nonlinear control scheme, using Lyapunov stability theory, to

synchronize the chaotic slow flow equations represented by equation (3.27).

4.1 Chaos Synchronization of a rotating flexible link

The slow flow equations (3.27) of the flexible rotating link developed in Chapter 3 using
MMS are given by

. o yw

xr = —527 — 01Y + 2J32$y + 2J31m

y=-3Y + o1x — Jo(2° + w?) — 2390 — 2J31m (4.2)
2= —Jsgz — oow + J31 + Jao(zw — y2)

W = —Jsqw + 09z — Jsa(yw + 2)

The above equations are chaotic as demonstrated in Chapter 3 and owing to the
property of chaotic systems of being sensitive to initial conditions, that prediction of
state output of equation (4.2) is nearly impossible after some time. Our task is to
construct a controller to ensure that irrespective of the particular initial conditions, the
system given by equation (4.2) gives a predictable output, i.e., the behavior of the state

output remains the same. We attempt to do this by constructing a nonlinear controller
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using Lyapunov stability theory. First we construct the drive and response systems, as
described in the first part of this Chapter, identical to equation (4.2). The drive and the

response systems are given by

. Qg YaWq
Ty 5 01Yq + 2J320qYq + 2J31 2+ w2
Yi=——- + 01%g — Jo(24° + wa®) — 2J30wq” — 23

Gy = —Jsqzg — 0awq + J31 + Jsa(Tawa — Yaza)

—_ 4.
e 43)

Wq = —J3aWaq + 022a — J32(Yawa + Taza)

and

. o, Wy
Ly = ——— — oYy + 2300,y + 2J31% T
Zrc + Wy

2
Yy = —agr + o1, — Jo(2,% + w,?) — 2Js01,% — 23

Zp = —J3q2, — oow, + J31 + J32<17rwr - yrzr> +us

Tr Wy
ZTQ + w7‘2

W, = —J3dwr + 022, — J32(yrwr + xrzr) + Uy

where the lower subscript d and r stand for drive and response system respectively, and
u;, © = 1,2,3,4 are the control which synchronizes the two chaotic systems. The two
systems given by equations (4.3, 4.4) shall be operated at different initial conditions,
hence producing different state outputs both of which are unpredictable owing to their
chaotic nature. Under active control (u;), if the error between the drive and response
systems given by equation (4.3) and equation (4.4) respectively, goes to zero, then the
two systems stand synchronized and our goal shall be deemed to have been achieved.
For that, we consider the error between the equations of the drive and response systems

as

aeq

. r Wy
e = —T — 0169 + 2J32(QJT€2 + Yr€1 — 6162) + 2J31 J

ZTQ +w'r2
(Y — e2)(w, — e4)

Yy +u
Mo —es) 4 (wp —eg)?
. ae
TrWy (zr - 61)(11]7- B 64)
— 2J(e2(23, — €1)) — 2y —p s + 2
32(61( x 61)) 31 Z’r‘2 + w?“2 + 31 (ZT — 63)2 + (wr - 64)2 + =
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€3 = —J3qe3 — 0264 + J31 (4.5)
+ Ja(@res + wrep — e1eq — ypez — Zp2 + e2e3) + ug

€y = —Jzqeq + 09e3 — J3a(xr€3 + 261 — €163 + Yrey + Wpea — €3€4) + Uy

where e; = x, — x4, €2 = Y — Yg, €3 = 2, — zq and e4 = w, —wy represent the errors of the
four state variables of the drive and response systems respectively. If these error states go
asymptotically to zero, then the drive and the response system will be synchronized. For
this end, we must propose the use of a control input u = [uy, ug, us, ug)” which makes the
error states asymptotically go to zero. Using the Lyapunov second method for stability,

consider the candidate Lyapunov function
= (1/2)(er? + e2® + e3” + es?) (4.6)
The differential of the Lyapunov function along the trajectory of the system is
V = e16] + €965 + 363 + €464 (4.7)

Substituting equation (4.5) in equation (4.7), we get

. o o
2 2 2 2
V= —561 - 562 — J3qe3”° — J3q€4

+ ng(yr(2€12 — 632 — 642) — 2x,e1e9) + (J32 + J2)€2(€32 + 642)
— Zr(egeg(Jgg -+ JQ) —+ J32€164) —+ U)T(6163J32 — <J32 —+ J2)€2€4> (48)
+ 2J51(xre9 — yre1)Qr + urer + uges + uses + ugey

For asymptotic stability according to the Lyapunov second method, we must have
V > 0and V < 0. It can be seen from equation (4.6) that V > 0. To ensure V < 0, the
control input u = [uy, ug, u, ug)’ in equation (4.8) must be designed accordingly. Hence,
we propose the following control law,
@
(= (5 - 1) e1 + J32(2e01, — 2e1yr + €42, — e3w;) + 20317, Q1
= (— — 1) €y — J32 + Jg)(632 + 642)

(J32 + 2J2 (6327« + €4U17«) — 2J31[E,«Q1 (49)
Uz = (JSd - 1)63 + Jaayres, Uy = (Jsd - 1)64 + J3ayrey
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where

@= ((zr - 63;2: (ezir Ze)? (zr);f(wr)?) (410

Substituting (4.9) into (4.8), we have
V=—e?—e?—e?—e2<0 (4.11)
and we can obtain asymptotic stability in the sense of Lyapunov.

The above analysis shows that the chaotic systems (4.3) and (4.4) are synchronized
for any initial conditions with the use of the control law (4.9). In the next section, we

present numerical simulation results illustrating synchronization.

4.2 Numerical Simulation

In this section we verify the effectiveness of the control law proposed in section 4.1. We
numerically simulate equations (4.3), (4.4), and (4.5) from section 4.1. To perform the
numerical simulation, we use the parameters given in Table 3.1 for the power generating
wind turbine blade. All simulations are done in MATLAB 2012Rb [17] and odel5s solver
was used to solve the differential equations. The relative and absolute tolerances were
kept at 107¢ and 107 respectively. We verified that the results converged to those pre-
sented in this section for lower values of tolerances. For both the undamped and damped

slow flow equations, we have used U, = 50 in the numerical simulations.

For numerical simulations in this section, we use the MATLAB command randi to
generate random initial conditions and consider these as the initial conditions for the
drive system given by equation (4.3). Since equation (4.3) is chaotic (sensitive to initial
conditions) for particular values of system parameter U,, we slightly perturb the above
initial conditions, and consider them as the initial conditions for the response system

given by equation (4.4).

(24(0), ya(0), za(0), wa(0)) = (—0.3538, —1.5771,0.2820, —1.3337) Drive System (4.12)
(,(0),4-(0), 2.(0),w,(0)) = (—0.34, —1.5771,0.2820, —1.3337) Response System
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Using the above initial conditions, we plot the time responses of the damped slow flow
equations for two state variables (x,y) of the drive and response systems with and with-

out control (figure 4.2).
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Figure 4.2: Magnified image of time series of state variables (z,y) of the damped slow
flow equations with and without control

The figures have been magnified for clarity with the solid lines representing the drive
system, whereas the dashed lines represent the response system. As seen from the fig-
ure 4.2, the motions of response system and the drive system are different when no
controller is present and there is divergence in the drive and response systems. Whereas
in the presence of the controller, the response system asymptotically tracks the drive
system — the dashed lines are not visible as they lie on top of the solid lines imply-
ingg asymptotic tracking of the response system with the drive system. The asymptotic
tracking is more evident in figures (4.3, 4.4) where the error, given in equations (4.5),
between the drive and response system is plotted for the damped and undamped equa-

tions respectively. It can be clearly seen that the controller drives the error to zero.
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Figure 4.3: Plots of the error of the damped slow flow equations with respect to time

with and without control
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Figure 4.4: Plots of the error of the undamped slow flow equations with respect to time
with and without control
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Observations

From the results presented, it can be observed that the control law given by equation (4.9)
is successful in forcing the response system (equation (4.4)) to track the drive system
(equation (4.3)). The error state variables given by equation (4.5) are plotted with and
without the use of the controller. Figures (4.3, 4.4) show the plots of the damped and
undamped slow flow equations with and without control. It can be observed that in
the absence of the controller, the errors are large, whereas in the presence of the con-
troller the errors asymptotically go to zero. Thus the response system with the controller

asymptotically tracks the drive system and chaos synchronization has been achieved.

It is interesting to observe that for the damped slow flow equations, the errors es(t)
and e4(t) (related to z(t) and w(t)) go to zero even without the controller (see figure 4.3
(e) and (g)). This can be more clearly seen from the phase plots for the damped slow
flow equations (shown in Chapter 3) where we can see that the state variables z and w go
to zero in both the chaotic case and the non-chaotic case. Figure 4.5 shows illustration
of this, where irrespective of the chaoticity, the two state variables z, w tend to zero —

the spiral trajectory in the z — w plane can be clearly seen in figure 4.5.
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(a) Uy, = 400 — non-chaotic case (b) U, =100 — chaotic case

Figure 4.5: Phase plots for the damped slow flow equations
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4.3 Concluding Remarks

In this Chapter, we investigate the synchronization of chaos in a flexible rotating beam,
whose equations were developed in Chapter 3. A nonlinear control law for asymptotic
chaos synchronization was proposed. The nonlinear control law is derived using Lya-
punov stability theory and numerical simulations demonstrated the effectiveness of the

control law with the response system asymptotically tracking the drive system.



Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this Chapter, we summarize the work presented in this thesis and present some of the

scope for future work in this research area.

The two problems studied in this thesis had a common theme binding them, i.e., the
presence of chaotic motion in their governing equations. The study of chaotic equations
has had a long history with several interesting problems. One such problem was con-
sidered in Chapter 2, with the demonstration of the ranges of parameter gain values of
asymptotic stability of a 2R planar robot driven by PD and model based control (absence
of chaos implies asymptotic stability). Results in literature had demonstrated a numer-
ical way of deriving such ranges of parameter gains. In Chapter 2, we demonstrated an
analytical approach of deriving such ranges using the Routh-Hurwitz criterion. Numeri-
cal simulations were done to compute these ranges which are also known as chaos maps.
The asymptotically stable regions of parameter gains were examined with variation in
the forcing frequency (in the case of PD control), whereas they were examined with re-
spect to the model mismatch parameter in the case of model based control. The results

verified the numerical approaches used in literature.
In Chapter 3, we demonstrated the chaotic motion of a one link flexible beam, whose

equations were derived from a finite element model of the beam. We considered a single

element in the modeling. We also found out various values of parameter U, (characteristic

7
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velocity associated with bending) for which the equations show chaos. We assumed the
equations represented a model of a power generating wind turbine blade with uniform
circular cross section. Numerical simulations verified the existence of chaotic motion.
The flexible beam, however showed two different types of chaotic motion depending
upon whether damping (in the form of Rayleigh damping) was present or absent. If
damping was present, the beam system became dissipative in nature and the motion
of the beam wound up on an attractor. In the absence of damping, the beam system
showed conservation of volume in state space and the route to chaos was by the breaking

up to tori due to the chaotic mixing of nonlinear resonances.

In Chapter 4, we demonstrated the synchronization of chaotic motion of the equa-
tions of the flexible beam developed in Chapter 3. To this effect, we used active nonlinear
control and Lyapunov stability theory. The use of active nonlinear control is justified by
its simplicity of usage. Numerical simulations verified the control law proposed for chaos

synchronization.

The core method used in the two problems solved in this thesis is the method of
multiple scales. The problems were shown to be bounded by using the method of multiple
scales, which was represented by the presence of solvability conditions as a result of
performing the analysis at various time scales. The method of multiple scales (MMS) is

useful for two reasons:

e Numerical integration at slower time scales is faster than that of the full original
system of equations. Studies of the effects of various parameters on the system can

be conducted more effectively and extensively.

e MMS converts equations that are non-autonomous (forced equations given by the
equations of both the system we considered in the thesis) into autonomous equa-

tions (solvability conditions or slow flow equations), making it easier to analyze.

The full range of engineering problem solvable by MMS is yet to be seen. We close by
the concluding remark that there exists a variety of problems yet to be explored and

solved by classical method of multiple scales.
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5.2 Scope for Future Work

In Chapter 2, we derived an analytical approach for testing the asymptotic stability of a
2R planar robot for trajectory tracking. In the analytical procedure, the Routh-Hurwitz
criterion was used, according to which if the co-efficients of the characteristic equation
derived from the jacobian of the slow flow equations (see Chapter 2) satisfied particular
conditions, then the 2R robot system was asymptotically stable. However the success
was only partial. This is due to the fact that if any of the co-efficients were zero, then
asymptotic stability was indeterminate. This means that although we could determine
ranges of asymptotic stability at some values of parameter gains, the ranges where the
Routh-Hurwitz criterion did not show asymptotic stability could not be concluded as
asymptotically unstable — they could also be indeterminate. We resolved the indeter-
minacy, but we used a numerical approach for doing so. One problem for the future
work could be to attempt find a complete analytical procedure for deriving such ranges

of asymptotic stability.

In Chapter 3, we studied chaotic motions in a rotating flexible beam. We assumed
that the equations of the beam represented a model of a power generating wind turbine
blade with uniform circular cross section. It is not clear if the same method used for
studying the beam’s dynamics is applicable for models where the cross-section is not uni-
form. We also considered the beam to be a single element in the finite element model used
to derive the beam’s equations. The applicability of the method where the model con-

sists of more than one element in the finite element model is possible area of future work.

In Chapter 4, we developed an active nonlinear controller using Lyapunov stability
theory for synchronization the chaotic slow flow equations of the flexible beam developed
in Chapter 3. Such control procedures are used for their simplicity and the same method
has been used in literature of chaos synchronization for many systems. However, these
exists almost no method of unified chaos synchronization of any system, let alone a
class of systems. The only proposal so far known was given by Wu et al. [114] where
the authors demonstrated chaos synchronization for a class of unified Lorenz systems.
However, its applicability to a system of higher dimension in not known and could be

one problem for the future work.
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Derivation of equations (2.24)

In section 2.3, we performed a multiple scales analysis on the equations of a 2R planar
robot. At order ¢, two equations, given by equations (2.23) were obtained. The solution
to those equations was given by equation (2.24). This section presents the derivation of

equation (2.24).

From equation (2.23), we get a system of coupled differential equations with constant

coefficients whose solutions can be obtained by letting
910 = CleiWTO, 020 = CQ€inO (A—l)
Substituting equation (A-1) into equation (2.23), we get

(Kpn — (P +1+ P+ 2P2P3)w2)01 —(1+ PZPS)WQCQ]QMTO _
Ap((iBr + By)e™ + (=i + Ep)e™™) (A-2)
[_(1 + P2P3)w201 + (Kpn — w2)02]eino — Afg((iEl + E2)€iTo + (—iEl + Eg)efiTo)

In equation (A-2), the left-hand side is a multiple of 70 whereas the right-hand side
is a multiple of ¢7°. To compute the solution of equation (A-2), we first equate terms
proportional to 70 (by putting the right-hand side to zero) and compute ¢; and c,.
Then we put w = 1 and recompute the values of ¢; and ¢y by equating terms proportional
iTh

to €0, Putting the right-hand side equal to zero, we get

[(Kpn — (PL+ 1+ P+ 2Py P3)w?)e; — (1 + Py Py)w?cs] ™o = 0
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[—(1 + PyP3)w?cy + (Kp, — w?)cole™™ =0 (A-3)

For a non-trivial solution, the determinant matrix must be zero, i.e., we have

K, — (Pi+ 14 P, +2P,P)w? —(1+ PyP3)w?
‘ D (P + 1+ P+ 2P Py)w (1+ PyPs)w _0 (A-4)

—(1 + P,P3)w? K, — w?
243 n

The values of w thus calculated are,

M#mewﬂ—m . me—ﬂ—m )

2Ly

where

Ly =4+ 8PPy + 4P, PyPy+ (P, + Py)? + 4P; Py + 8P Py
Lq2:2+P1+P2+2P2P3 (A—6)
Ly =P+ P, — P2*P}

Substituting the values of w in the second equation in (A-3), we have

Ky — w?
When w =wy, ¢ = 1,09y = — 21
1, €1 21 (1t P2
Ky — w?
When w = wsy, ¢19 =1, 99 = — 2 —2 A-7
2, C12 22 (1t PyPy)? (A-7)
The general solution of equation (2.13) can be written as,
0 . ‘
01— gperTo || 4 gyt |12 (A-8)
020 C21 C22

Now, in equation (A-2), we substitute w = 1 and equate terms proportional to e'7°. We

(&1
Ca

get

Kpn — (Pl +1+ P+ 2P2P3) —(1 + P2P3)
I —(1+ P,P) Ky — 1
[Ap ((GB) + Ey)e'™ + (—iEy + Ey)e Do)
_Af2((iE1 + EQ)(?ZTO + (—iEl —+ Eg)e_iTO)

(A-9)
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Solving for ¢; and co, we get

C1 = F1 (ZEl + Eg)eiTO + Fl(—iEl + EQ)G_ZTO
Cy = FQ(ZEl -+ Eg)eiTo -+ FQ(—ZEl -+ EQ)@iiTO (A-lO)

where

(Kpn — 1) Ap, + (1 + PyP3) Ay,
Ey
F (1+ p2p3)Af1 + (Kpn, —éPl + 1+ P+ 2P2P3))Afz (A-11)
f

E; = (Kpn — 1)(Kpn — (PL+ 1+ P+ 2P P3)) — (1 + Py P3)?

F1:

Combining equation (A-8) and (A-10), we get

019 = AT+ Aje™? o + [ (1B + Ey)e™™ 4+ Fy(—iEy + E2)e™™ + c.c. (A-12)
920 = 621A1€iw1To -+ C22A2€iw2TO + FQ(ZEl -+ Eg)eiTO —+ FQ(—ZEl -+ E2)eiiTO + c.c.

The equation (A-12) is identical to the equation (2.24) in section 2.3.

Terms in equation (2.34)

Rll = —2(P1 + 1 + P2 + 2P2P3 + (1 + P2P3)621)7 R121 = Ny
R122 = —P2P3F22w%(2 + 021)(E22 =+ E%), R124 = —P2P3032wf(2 + 621)
—P2P3031w%(2 -+ 021) —3P2P3F22<2F1 -+ FQ)

R = R —
123 9 » Shd 2
F2(2 +
Ry3 = —PyP3(w; + 2) (w + e Fa(2F + FZ))
Si1=-2PL+ 1+ P +2P,P;+ (14 PyP3)ces), Sio1 = —Kynwo
Siza = —PyPyF3w3(2 + c2)(ES + E7), Sizz = —PaP3c w3 (2 + ¢22)
—F2(24 ¢ )w
313:P2P3(W1—2)( 2( 5 21) 1+021F2<2F1+F2))

— Py P3c3,w2(2 + c29)
2

Ry = —2(1 + PoPs + ¢91), Roo1 = —Kypwicor, Stog =

—nggcglw%(Q + 3621) Ros — —P2P3F1F2(2F1 — Fg)
9 ) 24 — 9

(A-13)

R223 =



Appendix A. 83

R222 = —P2P3<E22 + E12)(C21F1(2F1 + FQ) + FQ(CQlFl + Fgw%))

Ragy = —P2P3(021w§(2 + c92) + 022(021w§ + 02200%))

F1022(2F1 — Fg)

Fy + Fow3
Ros = PPy ( 5 + Fa(2Fywz — w))
— Py Pycoow?(2 + 3¢
Sﬂ _ _2(1 + P2P3 —|—622), 5’221 = —KvnWQCQQ, 5224 — 243022 22( 22)

5222 = —P2P3(E22 + E%)(CQQF1<2F1 + FQ) + FQ(CQQFl + Fgwg))
Sgaz = — Py Py(caaw? (2 + c21) + ca1(ca1ws + coow}))

F 2F, — F: Fi + Fyw?
523:P2P3( 1C21( 21 2) Co1 1—2|— 2(,01))

—+ FQ(—2F1(U1 —
Terms in equations (2.39, 2.40)

Ly = Ry (Kpy — w?) + Rt (1 4+ PyPs)w?, Liz = Riz(Kpn — w?) + Ros(1 + Py P3)w?
Ky — W) + Roor (1 + PyPs)w?

Ky — W) + Roga(1 + PyPs)w?

K,, — wf) + Roos(1 + Png)wf

Kpp — W) + Roos(1 + PyPs)w?

Ly = Riu(K,, — w?) + Ros(1 4+ Py P3)wi

Loy = S11(Kpn — w3) + So1(1 + PoPs)ws, Loz = Si3(Kpn — w3) + Soz(1 + PoaPs)ws
Kpn — w3) + Soo1 (1 + Py P3)ws

Kpn — w3) + Saga(1 + PoP3)w; (A-14)

(
( w5) (

Loz = S123(Kpn — w3) + Saaz(1 + Py P3)ws
( wy) (

2
Loy = S124(Kpp, — + Soos(1 + Py Ps)ws
. Lign - Ligo o Lias . Loy T — L3 T, = Ly
121 = —F —, J122 = —F—, J123 = , J124 = , J13 = ——F—, J1u =
wiLqy 1L11 1L 1L wiLi1 wiLqy
. Loy T Loao T Loss T Loy Lo
221 = I 222 = I 223 = I 224 = T 23 = I
Wa L2y Wo i1 Wa L2y Walig1 Walig1

Terms in equations (2.44)

Considering the following terms

Dy = Kppaz — ny Dy = (1+ Png)wf — Kpn(az+ay), Ei= -
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KU’I’L
2

D21 = Kpnag — CU%? D22 = (1 + Png)wg - K,m(ozg + Oég), E2 =
we have

Jal - 2<]13E11E2 - J15E27 Ja2 - <]13(E22 - E%) + J15E1
Ju3 = JuE\(3EF — E?) — Jig(E3 — E?), Juy = JuuEo(E; — 3E?) + 2J1sE1 Fy
Jas - 2<]23E1EQ - J25E2a JaG - JZS(E22 - Ef) ‘|‘ J25E1

where
L L
Jiopg = —25 Wk =1,2,3,4,  Jp=—2 Vk=34,5,6
w111 wiLiy
L L
Jogp = —25 Wk =1,2,3,4,  Jy=—2 Vk=35
walog wa Loy
where
wy = Kpn(qu + V Lq2) Wy = Kpn(qu Y Lq2)
L3 ’ L3

where Ly =y +a3(Pi+ P, —1) —2P2Pa2, Ly =P + P, — P;P;

Ly = Pfa§4P1P2P3a2a3 — 2P1P204§ —2Pajas + 4P1a§ + 2P1a§ + 4P22P32a1a3

— 4P} Pjaj — 4P Pyagas + Piai — 4Py Psajag + 4Py Pyanas — 2Psanas + 4Pas
+2Pa3 + of — 20103 + a3

and Liy = QuxD1y + QD1 Vk =1,3,4,5,6, Loy = RixDay + RopDay Yk =1,3,5
L12k = QleDll + Q22kD12: L22k = R12kD21 + R22kD22 Vk = 1, 27 37 4

where

Qui=—2PL+1+ P+ 2P, P34+ Cu (14 PBPs)), Q15 = a(2Ay, + Ap,)E1CoFy
Q121 = —Kppwi(aq + (24 Coy)as + Co10i3), Rig1 = —Kypwa(ag + (2 + Cag)as + Conars)

(2 + K,,) — 3PP F}
Q14=F22(2F1+F2>( e 3)’ Qo = 2245 + Ap) B

Q2o = (B3 + E}) (P Ps(—Fywi (2 + Ca1) — 200 [(2F; + F))
+ (P2P3 - 042)<2021F2(2F1 + FQ))) — 2052021E12F2(2Af1 + AfQ)
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E? + E?
+ Kpna2(2FQZ(2 + 021) + 4021F2(2F1 =+ Fg)) (%)

—3C2 w3 (2 + C:
Q23 = PP ( 21 12( 21)) + (PoPs — ) (C3wi(2 + C))
3C2,(2+ C.
+ Koo (M) , Qroa = _P2P30222w%(2 + Cy) — 2042021022w§(2 + Cy9)

203,(2 4 Ca1) 4 4C51C99(2 + Ca)
2

Ry = -2(Pi+ 1+ P+ 2P,P; 4+ Cpu(1 + P2 Ps)), Ris = as(2Ay, + Ap, ) E1Cn Fy
Rigs = (B3 4 E3)(PyP3(—Ffw3(2 + Cg) — 20595 F>(2F, + F3))
+ <P2P3 — &2)(2022F2(2F1 + FQ))) — 20{2022E%F2<2Af1 + Afz)
E: + E2
2

+ KpnOQ ( ) ) Q15 = O52(214f1 + Af2>E1022F2

+ Kpna2(2F§(2 + CQQ) + 4022F2(2F1 + Fg)) (

—3C2w2 (2 + C
Rizy = PPy ( 22 22( 22)) + (PoPs — ) (C5w3 (2 + C))
30%,(2 + C.
+ Kpnan (M) , Rioz = —P2P30221w§(2 + Cy) — 204202102%0%(2 + C9)
LK . (20221(2 -+ 022) -+ 4021022(2 + Cgl)>
pn 2
F2 2 2+C
Qi3 = —PPs ( 2a( 5 22) + CoF(2F) + Fz))

— (PyPs — ) (F3wy(2 4 Cag) + (wy + 1)Coa F(2F, + F))

F5(2 4+ Cog) + 205 (2F; + F:
F202(2 + C
Ri3 = —PPs < 2i( 21) + Co1 F5(2F) + F2))

+ (PyPs — ) (F3wi(2 + Oy1) + (wy — 1) Oy Fy(2F, + Fy))

F(2+C 205 (2F, + F
+ Kok ( 2(24 Co) +2 51(2F1 + 2)> . Ror= —2(1+ PPy + C)
F
Q25 = 042Af1E1022F2, Ros = OézAf1E1021F27 Q26 = 062Af1E17
Q221 = —Kypwi(az + g + Coras), R = —Kypwa(as + ag + Caoarg)
Kpna2

Q22 = _2052021E%F2Af1 + (=P Py(Fywi — 200 Fy Fy) + (2F7 + 4Cy F\ Fy)

Kpna2

+ 2(@2 - P2P3)021F12>(E22 + E12), RQQQ = ( (2F22 + 4022F1F2)

— P2P3(F22w§ - ZngFng) -+ 2(0[2 - P2P3>022F12)(E22 + E12) - 20{2022E12F2Af1
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2 02
Q223 = —3P2P30221% + (042 — PQPg)OQl(JJ% + 3Kpna2%
Fi F:
Q24 = 12 2(1171(1D21D:‘5 —20) + LK pa2)

Qa91 = KpnaCas(Cag + 2Ca1) — PyPsy(Caow? + 205 Copws) — 2(ay — PyP3)Coyws
Rz = KppaaCo1 (Cor + 2C5) — P2P3(0221w§ + 202102201%) — 2(ay — P2P3)C22w%

Rm:—%ya%§+&m—%%m@£+%ﬁ%%3
where
Cyr — wi(l+4 PP3) — Kpn(az + ag) Chp — wi(1+ PP3) — Kpn(az + ag)
(Kpnc“S - w%) ’ (Kpna?) - W%)
F = Eif((Km% C (A an+ Apas + an(245 + Ap)
+ (1 + RPs — Kpn(as + a2))(Ap (a3 + a2) + Apas))
Fy = Eif((l + PoPy — K, (o + a2))(Apar + Ap,as + a2(245 + Ap))

+ (Kpn(a1 +202) — (Pr+ 1+ P + 2P ) (Ay, (a3 + o) + Ap,a3))
where

Ef = (KpnOég - 1)(Kpn(061 + 20[2) - (P1 + 1+ PQ + 2P2P3))
— (14 PPy — Kpp(os + a3))?

Non-dimensional parameters K, and K,, are

K, K,
Ky = =2
vn Q

Kpn = @7
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The description of the terms given in equation (3.8) is presented in this section. It may

be noted that all terms have been computed symbolically using Maple [113].

Table B.1: Description of terms in the equation (3.8)

Term Description
[Qflax1 Vector of flexible nodal variables Uy, V5, ¢
(Qax1 Vector of all variables 0, Us, V5, ¢
[T]ax1 Vector of input torques [I',0,0,0]7
p Density of the Material (kg/m?)
A Area of cross-section (m?)
L Length of the beam element (m)
E Modulus of elasticity of beam element (G'Pa)
1 Polar moment of inertia of beam element (m?)
U, Speed of sound through the material (m/s)
U, Velocity associated with transverse vibration (m/s)
[M] 454 System mass matrix
[K]4x4 Conventional Stiffness matrix
[AK4x4 Geometric Stiffness matrix
[H1x1 Vector of coriolis and centripetal terms

Elements of the mass matrix

In this section, we present the detailed mass matrix, conventional and geometric stiff-
ness matrix and the centrifugal and coriolis effects in their nondimensional form for the
rotating flexible link given in figure 3.1. The mass and stiffness matrices are symmetric

and hence only the upper triangular part is presented.

87



Appendix B.

38

1 13 11

M(l,l)—§+3Ug+3UQ+35V2 105
M(1,2) =~V + oo
M(1,3) = %1-1— 2—701U2
M(1,4) = IQ—O T 9072
M(22)=
M(2,3) =0
M(2,4) =0

13
M(3,3) = ﬁll
M(3,4) —12—10
M(4,4) = 105

Conventional stiffness matrix

00 0 0
00 0 0
7] -
00 12 —6
00 —6 4

Geometric stiffness matrix

The non-zero elements of the symmetric geometric stiffness matrix are

Ak@22) = i ak@a) = U (3V2——¢2)

Uz’ Uz \5
U2 1
AK(2,4) = ﬁ (—% >+ — qbz) . AK(3,3) =

U2 U?

AK(3,4) = 0 (QOUQ) CAK(E4) = 55 (—
g

2¢2+1
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Nonlinear terms due to centrifugal and Coriolis effects

2 . .
H(1,1) = ~Unf),

3
T - 1.2
H(1,2) = —1—0‘/291 - 591
7 .. 13 .2
H(1,3) = EUQQl - £Vv291
| R 11 -2
H(1,4) = —1—0U291 + m%@l

Derivation of equations (3.12)

In Chapter 4, we performed a multiple scales analysis of the rotating link. At order e,
four equations, given by equations (3.11) were obtained. The solution to those equations

was given by equation (3.12). This section presents the derivation of this set of equations.

From equation (3.11), we get a system of coupled differential equations with constant

coefficients whose solutions can be obtained by letting
wTt w T 1wl 1wl
010 = 1670, Usg = 2€™7°, Vg = c3™7°, o9 = c4€™° (B-1)

Substituting (B-1) into (3.11), we get

1 7

— §w261 - 2—0w203 + %w204 =0
U2 w2
Za = B-2
(-5 .
7



Appendix B.

90

For a non-trivial solution, the determinant matrix must be zero, i.e.,

1
——w? 0
?) Uz w?
Uz 3
7 2
1 2
%w 0

The values of w thus calculated are,

7 2 1 2
0% 20
0 0
13 11
12 — —w? —w?—6
35 210
1, 1
= 4 — — )2
510”0 105"

V3U,

w1 = O,CL)Q =

g

Substituting the values of w in equation (3.11), we have

When w = wy,
When w = ws,

When w = ws,

When w = wy,

cii==¢Cy=c31=¢4 =0

Clg =c3p =42 = 0,009 =1

c13 = 1,c93 = 0,c33 = —0.8222,
c3q = 0.9112

cy1 = 1,c40 = 0,c43 = —1.2789,
C4q = —2.2856

The general solution of equation (3.11) can be written as,

610 C11 C12
Uz _ A et C21 L+ AyeieaTo C22
Vao C31 C32
®20 C41 C42
C13 C14

; 23 ; Ca4

+A361w3TO +A4€zw4T0

C33 C34

C43 Cq4

which is identical to the form in equation (3.12).

,Ws = 700871,(4.)4 = 17.5444

(B-3)
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Terms in equation (3.18, 3.24)

1 2 Ug 3 2 04213 C33C43
Jag = _0(043 - 7‘333)(«‘{3 - ﬁ (5033 + 1—5 — T

T, Wi 2 Tess | can
L By 2 M3 43
103 T 3T T3 T g T

2 Tcsz — ¢
Z12 = (CU3 — CUQ> (§W3 + (Wg + (,UQ) (%))

7 26033 ]_1043

Doy = —— —
31 0 35 105
Tws U? 6c33  c43
= — (w3 —2 R
=y (s = 2) 7 < 5 10
1700 105 1057 MUY 37800 105

U? 2
Zir = 3 (200 — ) + L8 (Cg _ ﬁ)

20 02\10 15

11w? wi w? wi
Zw3 - — 3 5 wd — =3 + —3_
30 4200 2 12600

1 Tczs
A = S A
a=a ( 3720 20)
To 13« 1o
Zig=(—— — (== 412 s
d3 ( 20 ( 35 + ﬁ) 33 + (210 +65) C43)
o 1lo a
Loy = (2—0 + (m + 65) C33 — (ﬁ + 45) 043)

where ¢33, c43 were calculated in the preceding section of this Appendix.
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