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ABSTRACT

Lightweight flexible robots are widely used in spaapplications due to their fast
response and operation at high speed comparedneertional industrial rigid link

robots. But the modeling and control of a flexibdot is more complex and difficult due
to distributed structural flexibility. Further, aumber of control complexities are
encountered in case of flexible link robots suchnas-minimum phase and under
actuated behavior, non linear time varying andrithsted parameter systems. Many
control strategies have been proposed in the [magt,most of the works have not

considered the actuator dynamics and experimeatiation of the modeling.

In this thesis, we consider the actuator dynanscsonsidered in modeling and
also we have undertaken the experimental validaifatme modeling. Tip positioning is
the prime control objective of interest in manyabbs applications. A tip feedback joint
PD control has been proposed for tip positioninghef single link flexible robot. Gains
of the controller have been obtained by using geragorithm and bacteria foraging
optimization methods. By exploiting the above twmlationary computing techniques
for obtaining optimal gains good tip position cahthas been achieved together with
good tracking control. The performances of the &btwwo evolutionary computing tuned

controller have been verified by both simulation @xperiments.
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Chapter 1

| ntroduction to Flexible Link Robots

1.1 Introduction

Robots are widely used in many areas such as in industries, microsurgery, defense, space
vehicles etc. in order to make the life of people more comfortable, safety and
sophisticated. Initially these are massive in structure and their application was limited to
only industrial purposes. Day by day due to advancement of modern technology, robots
have become integral part of the development and progress of nation. Now they are used
in the areas of specific interest starting from industry, biotech, research & development,
defense, entertainment are name to few. However in modern days system miniature is the
prime requirement in the design and compatibility to any systems. So research led to the
development of lightweight structure robots which drew attention of many engineers for
further development in the areas of robotics. These flexible robots are not only lighter
than conventional rigid robots but they are also fast in response. In fact, in addition to
these benefits they are associated with serious control problem of vibration. As the
structure is flexible when it is actuated it vibrates with low frequency and it take some

time to damp it out. Therefore the control problem for the flexible robot is more complex



than rigid link robots. Notwithstanding the interest in flexible structures is increased due

to available of many advanced control techniques.

1.1.1 What is aflexible robot?

When the rigid links are replaced by lightweight links it is their inherent property
that they undergo some damped vibration before it comes to the steady state. In contrast
to this when rigid link robots are actuated they go to their final destination as a link the
whole. However, if we move flexible link very slowly to its final position in case of a
regulation problem or tracking to a very low frequency signal would result amost no or
zero deflection. Therefore, it can be said that speed of operation which actually determine
the tip vibration; higher the speed more seriously excited vibration and vice versa. At this
we can define what flexibility is; "it is the property of the body by virtue of which the
body vibrates with infinite modes of frequency at every point on the body when any
bounded input make the body move from its position of rest". Quantitatively it can be
said that flexibility is the measure of speed of operation. This will make sense if
operation of flexible robot is understood from pictoria representation. Refer to Fig.1.1,
link of the robotic system is initially at rest and when actuator is actuated to move the
link through an angle & it would move as awhole body to angle & if it were arigid link
robot. However due to their structural flexibility, robot goes to fina position but deforms
from its steady state position and it come to steady state position after some time because
of the damped vibration. Very interesting point to be noted here is that the deformation of

the body is different at different points.
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Fig. 1.1 Vibration of aflexible beam

For mathematical point of view we can say that the dynamics of the rigid link
robot can be derived assuming the total mass to be concentrated at centre of gravity of the
body hence dynamics of the robot would result in terms of differential equations. On
contrary flexible robot position is not constant so rigid body analysis no more would be
valid and so to represent the distributed nature of position along the beam partial
differential equation is used. The control objective of the flexible link robot is aso
different from rigid link manipulator where vibration is suppressed within minimum time

as soon as possible.

1.1.2 Why flexible robot?

Always fast response and weight are the requirements in the design and analysis
in any system of interest. So these requirements necessitate the robot must have
lightweight links which will enable them to be used in any area. In earlier days robots
were primarily used in industrial automation sectors and their application in al other
fields were limited. The application of robots especially in space were mainly constrained
by their massive structures, bulky so flexible robot was an option for it and since then

research on flexible structures control and modeling increased rapidly.



Fig. 1.2 Quanser two link flexible robot

Very peculiar problem in flexible robot is the modeling and control because in
addition to tracking problem, vibration is more concerned to control engineers. Many
universities around world have evinced interest in vibration suppression of flexible link

robots due to wide application in defense, health care etc.

1.1.3 Advantages of flexible link robot

Flexible link robots possess many advantages over rigid link robots which are

enumerated below.

» Lightweight structures

» Fast response

» High payload-to-arm weight ratio
» Low rated actuator

» Low power consumption



1.2 Review of some past works

Here we discuss some of the latest developments in the control strategies of
flexible robot manipulator. The detailed discussion of flexible manipulator is given in
chapter 2. There are numerous modeling techniques have been reported viz. lumped
model [26], assumed mode method model [2]-[7], finite element method [9]-[10] [12],
and implicit model [11]. However most of the works have not considered the dynamics of
actuator and experimental verification of the model. Many control strategies developed
for flexible manipulator control which concentrated on end point. Joint PD control [28],
output feedback control law [17] is the basic control strategies are used for end point
vibration suppression. However recent control techniques used neural network based
inverse dynamic approach [18] and application of other soft computing tools are

extensively seen.

1.3 Motivation

Many researchers have addressed on in the both modeling and control aspects of
flexible link robot. The primary goal is to control the tip vibration as fast as possible. In
addition to that many authors have reported the most crucial problems associated with
flexible link robot are that non-minimum phase characteristic, non-collocated system and
under actuated system [14] [18]. Design and analysis of controller for such systems is of
very interest because the controller can be applicable to a wide class of system. Another
important aspect of robotics is the instrumentation part. It is always desired to use sensors

which can precisely reproduce the measurement signal because they are directly used in



the controller. In most robotic applications, the tip positioning/end-point control is crucial

problem as the ultimate goal isto suppress the vibration very effectively.

1.4 Objectives

Numerous controllers have been designed for end point control of the robot
starting from linear to nonlinear controller. Here in thesis we concentrate only on tip
positioning problem of the flexible robot. The main objective is to reduce the
complexities in the controller without sacrificing any performance measures. A ssimple
joint PD tip feedback controller is designed where evolutionary techniques are used to
tune the gains of the controller. The genetic algorithm is first used for tuning of gains of
tip feedback controller and then simulation study is carried out for feasibility of the using
these gains in real time experiments. Though the genetic algorithm is very simple,
straightforward, we are interested to see further improvement by using bacteria foraging
optimization (BFO). The concept of BFO came from swarming behavior of living
creatures. Bacteria foraging optimization (BFO) is then used for tuning and a comparison

anaysisis done for tip performance of flexible robot.

1.5 Thesisorganization

Thework in thesisis organized into five chapters which are discussed below.

Chapter 1 provides a brief background of flexible robots, motivation and objectives of

thisthesis.

In chapter 2 we discuss the literatures citing modeling and control of flexible link

manipulator.



The dynamics of the flexible link robot is derived in chapter 3. Both assumed mode
method and finite element methods are employed in here. Different components such as
sensors and actuators and principle of operation of this experimental setup are briefed in
this chapter. This chapter ends with the open loop model validation using a bang-bang

input voltage.

Chapter 4 describes the development and implementation of the proposed tip position
controller. Both genetic algorithm and bacterial foraging optimization techniques are
reviewed and exploited to optimal gains of the proposed controller. Simulation and

experimental results are provided with discussions.

Chapter 5 concludes the work with suggestions for future work.



Chapter 2

Review on Modeling and Control of Flexible

Robot Manipulators

2.1 Introduction

Initially research on flexible link robot maniputatwas very limited due to its limited
application. But their increase in importance dusuccessful applications and potential
for future growth lead to further developments aodtributions from researchers. Till
date many developments both in modeling and comtspects of the robot have been
reported in the peer reviewed papers. Still itigeeted that the better controller could be
designed for the control of flexible manipulatorbAef discussion of past works is given

in subsequent section.
2.2Literature survey
2.2.1 Review on modeling

Research on flexible manipulator started in latés.8Modeling of the flexible

robot has been reported using both assumed modéraiedelement methods by many



researchers. A detailed study on the state-of-@reldpment in the both modeling and
control aspects is reviewed by Dwivedy and EberljiafdHastings and Book [2], Wang
and Wei [3], Wang and Vidyasagar [4] studied siflgik flexible manipulators using
Lagrange's equation and the assumed mode methaglr Work is supported by
experimental analysis. In most of these casessoigre assumed to be stiff. The model
for prismatic joints is reported in [5]-[6]. In [6]hey also derived the non linear model of
flexible link and then linearised it for controlldesign. A complete non linear model for
single flexible link using assumed model is alsoied out by Luca and Siciliano [7]. In
their work they clearly reported about different dae of vibration and an inversion
controller design based on that. They extendedl tlhé two link flexible manipulator [8]
and same work with payload variation is done by Abnet al. [25]. In [9]-[10]
dynamical model for single link using finite elem@pproach is proposed and compared
with experimental results. They used bang-bang wjpeorque to study the dynamic
response. However, explicitly represented truncatedel analysis only first two finite
modes as in case of assumed mode method or onlyotitwee elements are considered
as in the case of finite element so it result dhly approximate result and even require
precise measurements of signals. To avoid this, lGe, and Zhu [11] proposed an
implicit partial differential equation (PDE) modaf single link flexible robot with design
of a simple controller using train gauge measuramgme analysis for non linear model
of flexible link using finite element is reported j12]. Subudhi and Morris derived the
dynamical model of a two link under actuated fléxijoint and flexible link manipulator
and designed a reduced-order controller based mgulsir perturbation method [13].

However, still there are developments in new tegies to model flexible link robot.



2.2.2 Review on control strategies

Vibration control of flexible robot is the researchterest to many control
engineers. Some earlier work of Geniel@l.[14] applied the linear controller developed
from transfer function model for inner and outextdization of the flexible link is shown
to yield better result. Moalleret al.[16] controlled the tip position of two link flelsie
robot using observer based inverse dynamics apprshowing the tip vibration is
effectively suppressed. An improved inversion baseul linear controller is designed for
position control for two link manipulator [15]. @eentional controller design like state
feedback control law is implemented in 1989 [17Though many controllers are
designed for flexible link for end point controkeghhave to compromise between settling
time and tip deflection (overshoot). In a way topde faster response of tip position, Su
& Khorasani [18] proposed neural network based riswebased controller, Subudhi &
Morris [19] applied soft computing tools for tip ool of flexible link. Comprehensive
study of various controllers applicable to singl&Iflexible manipulator for end point
control [20] is given from practical point of viewAnother new approach to end point
control of flexible link is proposed by Gat al [21] where genetic algorithm tuning of
strain feedback controller [11] is studied by siatidn studies. Recently many control
strategies based on intelligent controller is asskd due to their successful
implementation in many areas. In [22] an optima&tligent controller is proposed with
experimental analysis settling time significanthduced. It is seen that the vibration of
tip is sinusoidal nature indicates presence of seomaplex conjugate poles so a new
controller called resonant controller which takeecaf these complex poles is designed

[23]. Another technique of suppressing is commandire actuator with input shaping

10



[24] proposed. Nevertheless the research is focosethe design some new controller

that will perform better.

2.3 Summary

In this chapter development on flexible robot sysis discussed briefly. Past works of
flexible robot have been categorized into two swgtiens; section 2.2.1 presents

previous developments on modeling and section 2x22views the control strategies.

11



Chapter 3

Dynamic Modeling of Flexible Link Robot

System and Experimental Validation

3.1 Dynamics of single link flexible robot

Modeling of the flexible link robot posersegt challenge to control engineers due to
the inherent distributed structural flexibility. Bt of work citing exact modeling has
been reported in the literatures. Both Assumed nmoethod (AMM) and Finite element
method (FEM) modeling are employed to flexible rblsgstem. An exact model is
necessary for control of the system because tleeteféness of the controller depends on
how exact is the model. Truncated model analystaused out by considering first two
modes only. Although many papers reported the moflééxible robot but the actuator
dynamics is not explicitly shown. So actuator dyre@ms incorporated in the flexible
link modeling for the complete representation @& thodel. Besides this; other models of
the flexible link is proposed for energy based omndesign. The partial differential
equation (PDE) model and lumped model are the feamples. These models don’t
explicitly address the dynamics behavior of th& lience control design based on model
is expected to give unsatisfactory performance.

12



Here both AMM and FEM model are derived based anesassumption without losing

any generality. The assumptions are as follow:

Link is assumed to be of Euler-Bernoulli beam $gitig) Euler-Bernoulli's beam
equation.

= Have uniform mass density throughout the beam.

= Thickness of the beam is very small compared tdehgth.

= The link is placed horizontally making no considiena of gravitational factor in
the model.

= Torsional vibration is neglected.

These assumptions make model derivation simpleowitintroducing any appreciable
error. The AMM method models the link deflectioncasnbination of infinite number of
separable modes of vibration subject to boundanditions of Euler-Bernoulli's beam
equation. The FEM models the link as a combinadrfinite number of elements
connected serially subject to boundary conditiansagh node. Moreover the deflection
of the element in FEM is function of deflection radde but the mode concept is not

present here.
3.1.1. Dynamics of actuator

The actuator which drives the link may be dc matoac motor. But dc motor is more
common in robotics application. The actuator isceth at the hub of link connected
through gear-box for safe operation of the linkeTdcttuator configuration is shown in

the figure 3.1. The control input to motor is fedr the amplifier and speed is reduced

13



by harmonic drive because it provides zero backlasti precise speed reduction is

achieved by the harmonic drive.

Flexible Robot

DC Motor

N ———

Harmonic Drive

Fig. 3.1 Actuator configuration of the flexible lkin

Let §nand & be the speed of motor at motor shaft and loadt skapectively. The

motor rotates at very high speed which is reducea $afe limit by gearbox. Gearboxes

are associated with the backlash which is of ner@st in robotics. Instead harmonic

drive is used to effectively reduce the speed efrtiotor. Let us considef,, T, T,and

T, be the torque developed by the motor, torque abneitaft, torque transmitted to the
load and load torque respectivelyy,, and J, are the inertias of motor and load
respectively,Ry, La, K¢, K, andN; are the armature resistance, inductance, motor

torque constant, back emf constant and gear redjpectively.

Applying KVL the voltage equation for the armatwrecuit can be written as

14



where &, = Kbémis the back-emf generated in the armature circaiven the motor

voltage u the curreniy flow through the armature circuit and develops etemagnetic

torque asy, = Kiz. The torque developed is used to drive the flexibik through the

speed reducer. Here harmonic drive is integratéd mtor shaft and the flexible link is
mounted on the harmonic drive. Since the speebeofrtotor is very high it is reduced to

a safer value as

Ny =%“=T—2 ........................................... (3.2)
1
Referring to the Fig.3.1 the torque balance equatan be written as
Tm = ImOm + Ty e (3.3)
and T, :JL9+TL e eeeenn. (324)
from equations (2.2)-(2.4), the load torque camvhtien as
T =N T =98 i (3.5)

where hub inertia of the robot, =J| + NrZJm is the total inertia referred to the load

side of the motor. Substituting fdf,in equation (3.5), we get

The equations (3.1) and (3.6) together completelcdbe the actuator dynamics of the

robot.

15



3.1.2. Assumed mode method model

Y, AY

p(x,1)

X1

v

Fig. 3.2. Single link flexible robot

Consider a flexible link robot with body attacheeference frame Y0Y; and fixed
reference frame XOY. The different notations beusged in subsequent sections are

enumerated below:

L: Length of the flexible beam.

E: Young's modulus of elasticity of the materiatlte flexible beam.
| - Area moment of inertia of flexible beam.

£ Uniform mass density of the flexible beam.

ML: Mass of the tip payload.

‘]L . Inertia of the payload mass attached to theftine robot.

16



y(x,t): Deflection of any point of the link measurednfrahe body attached reference

frame.

p(x,t): Position of any point on the robot with respectite fixed reference frame.
1pl(x,t): Position of any point with respect to body ategtlrame.

rl(L,t): Position of the tip of the robot with respecfited reference frame.

1r1(L,t) : Position of the tip with respect to body attatheference frame.

When the link undergoes angular motion the tiphaf tobot vibrates which dies down
with respect to time. Therefore the position of gioynt and the tip of the robot can be

defined as

p(x,t):ARlpl(x,t) and rleerl(L,t)

where A, = cosg - sing the rotation matrix
AR = sind  cosd '

The dynamics of the robot is derived using Lagess equation of motion which
requires the kinetic (KE) and potential energy (BEthe system under consideration. By
calculating the KE and PE the flexible link dynamican be derived by satisfying the
lagrangian the following equation:

E[BLJ_BL = e (BUT)

dtlaq) oq

17



The KE of the system can be obtained as bwidgrthe KE of the link and tip

separately. The KE of the link is given by

T = T poxt)d
Iir]k_E(j),op(x,) POGE)AX (3.8)

Here the velocity of any point of link can bdetained as
; _ i1 1.
P(x,t) = Ag=py (X,1)+ A TPy (x.t)

Similarly the KE associated with the tip is givay

2171, 1 5L o\ 2

where ;= AoTr (L) + Al (L.t) is tip velocity.

ay(x,t)

is the slope of the tip.
o0X x=L

ange =

The PE of the system comprises of PE dugravitation and elasticity property.
However, owing to the horizontal configuration dfetrobot PE contributed by the
gravity vanishes and elasticity of the body alonatgbute toward the PE. So the PE of

the link can be found as

L 2 2
u=17g (ay—%”)] X e, (3.10)
20 Ox

The link dynamics can now be derived by aviplg equations (3.7)-(3.10). In fact

the dynamics results in infinite dimensional distited model due to distributed nature of

18



dynamical system which is in most cases avoidedtdudfficulty in controller design,
clearly undefined system parameters. So truncatedemanalysis is preferred which
approximate the infinite dimensional model to Engtimensional one without introducing

any error.

The Euler-Bernoulli's beam equation reprasgrthe flexible link is given by:

4 2
g YD 0TV g

e (3.10)
ox at2

To solve this equation proper boundary conditionsstmbe known at prior both at

clamped and free end. At clamped end the assodiat@adary conditions are given by
y(0,1)=0andy' (0,t)=0....ccviiiiiiiin, (3.12)

These two boundary conditions are explicitly untteyd that there is no deflection at
clamped end. However, the payload mass attachéukettip contributes the inertia and

moment, so the boundary condition at free endegeesented as

o 92yx) d? (ay(xt)
a 2 - L 2 ax _
XT x=L dt x=L
3 2
0~y(x,1) d
El =M, —5(y(Xt) =
o3 | o - dt2( hx=t)

Considering the finite-dimensional modes of linkxibility the deflection can be written

as
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|
y(x,t) = jzzlqoj ()G O v (3:13)

Here only up téth modes of vibration is considered. TlpFis the jth mode shape
of the link associated with jth mode of vibrat'tﬁ')p. Two modes of link vibration are

enough to completely represent the tip deflectiow substituting equation (3.13) into

equation (3.11), would result in

Elg" + 0@ =0 ..viieiieee e (3.14)

Separating the variables and equating to a constenget

LS 2 819

Now solving equation (3.15) will give the functifor ¢ and d as:

5] :exp(ja)jt) PPN - 70 K<)

¢j (x):Cl’j S|n(,8jx)+C2,j cosﬁjx )FCB’J- smh,ij )LC4’j cosl;[(jx ...(3.17)

The parametewj in the equations (3.16) is jth natural angul&qgtrency of the

link undergoing deflection ancj@’j in the equation (3.17) is related to the natural

frequency a;ﬁf':a)jzp/El . Applying the clamped boundary conditions to etpmat

(3.13) will give
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C and C

3j-C

. =—C

1 4] D e

and with mass boundary conditions yield a 2X2 matguation

Fij Faj || o :m(mg)
F2j sz Cz’j 0

2. 2. I .5 I .5
Where F, , =-£7sin(B;L)- L sinh(G;:L —— ;" cos@;L y— (- cosif; L
117 PSP )T P - im7 7 j
. =—f2cos(: L )- 52 cosh: L L 35 singiL 3L 35 singf.L
127 7Fj j-7Fi A Bl g j
F,,=-B3cos(B;L - 33 coshg; L }ﬂﬁ-“ sing. L }ﬂﬁ-“ sinig; L
217 Fj j J J o " J o ) J

M M
F.. = #3sin(8:L)- B3sinh@; L }—L 8% cosB: L y—L B2 cosiff; L
22~ Py sINBL)= A AP "7 P j

From equation (2.19), equating thueet |F| to zero will give a transcendental
equation of function of ,Bj only while all other parameters are known in adean
Solving the equatidiF|=0, B; for different modal frequencies can be determirfduk
transcendental equation resulting from equation19)3. is given below as

M .
(1+ cos(BjL)cosh,GjL )—LT'BJ( sirijL )cosW(jL 9 coﬁﬁL )sir)mj(L ) )

1 85 M I BT
_Tj(sin(ﬁjL)coshﬁjL )ia cosﬁjL )sinm’jL ))—rp—zj( 1 coﬁ(jL )costﬁj(L )%
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Now substituting the values ﬁfj in equation (3.19) constants can be calculated. The

dynamical model can be derived Euler-Lagrange'atgu given by equation (3.7) as

Bgg(6.9) Bys(6.9) 5 ),0
[ f;.’g b }F}+[h€(ade’é—)}+[ 0 ]:rﬁ (3.22)
Bgs5(6.0) Bs5(6.9) hs(6,6,6,0)| [Ko+Ds| |0

Incorporating the actuator dynamics with itbée link dynamics the complete model

can be obtained.
3.1.3. Finite element method model

In FE method the link is divided into finite hunmbef elements separated from
each other by nodes. Here the model of flexiblék lim derived using Lagrange's
approach. First the modeling of each element igezhiout and then they are combined

satisfying some boundary conditions at nodes.
Y, Ay

0

Fig. 3.3 Flexible link robot

The basic fundamental of FE method reqthieediscretisation of the whole structure

into a number of finite elements of standard strres. A node, the edge of the elements
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where it is connected to the neighboring elemerth&racterized by some coordinates
called nodal coordinates. Any element can exhlnie different movements/motion at
each nodes viz, longitudinal, transverse and imtati However, in the case of beam

which works under transverse loading so longituidination is neglected. Therefore only

transverse and rotational motion exists at nodes$ ianrepresented b)(vl,el) and

(VZ,HZ) at nodes 1 and 2 respectively. The position offaoigt of i element is given by

p(x,t) =x6+ Y; (St el (3.22)

where Y, (s,t) is the deflection of the point of" ielement whilesis measured from the

i element. Thus we can write

X= A TDS e et (3.23)

where | being the length of each element givenLfy, nbeing the number of

elements of link. The dynamics of the flexible liiskderived as follows:

= First the dynamics of each link is derived usingtaage equation.
= Then models of each element are assembled witHasimbdal coordinates at
each node.

= Boundary condition is then imposed to get final elod

As already said the position of any pointtledé element is a function of transverse
displacement and angular deflection of nodes. Toerethe position of any point in

terms of nodal coordinates can be written as
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4
yi(st)=N:Q = j§1¢i,j (S)qi,26—1)+j ®) .. (3.24)

whereN; is called shape function of the element which tdesibeam shap€), is the

nodal coordinate. By following the standard progediuthe shape function is given by

- T
o
123

252 53

s-2 42
I3

and the associated nodal varibles

G 2-1)+1]
% 2(-1p+2

% 20-1y+4)

The equation (3.22) now can be written as

p(x,t)=Xl9+NiQ|=[X ¢i,l ¢i,2 4 3 g ‘J

24
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6
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e (3.25)
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Here we will derive the dynamical model Bfelement using Lagrange approach, i.e.
finding out the KE and PE associated with theelement of the flexible link and then
satisfying the Lagrangian which is the differencek& and PE of the element Euler-

Lagrange equation given by equation (3.7). The Kthe " element is given by

2
1] (dp(st
T=3 jop(%j OS 1o (3.28)

Using equation (3.27) the KE can be written as

Where M is the inertia matrix an@g is the nodal variables and is given by

M = [ oNT Nads

X
%i1
Where NI N =| % 2 [x by b by d ,4]...................(3.30)
%3
.4
T
and Qa :|:9 qi,20—1)+1 ql ’2(_1)_ 2 ql ,2'(_ ]:} 3 ql '26 1_) } ....... (3.31)
Similarly the PE of the'i element is given by
11 _(8%p(sit) ?
- p(s,
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This can be simplified ad; =%Qja_ KQa

Where K is the stiffness matrix and is given by

K = [LEIK] Kads and K =

92Ny
652

Using equation (3.30) the inertia matrix and stiimenatrix can be derived. It is to be

noted here that both matrix corresponds to thelément of the link and are of having

constant entries with symmetric property. Thus tlaérixcan be given as

M1
Mo

M =L
220 13
M4

RALTS

[0
0

K=—%|0
0

10

Mo M3 Mg Mg
156 22 54 - 1B

22 42 13 -32|

54 13 156 - 2P

13 -32 -22 42

0 0 0 0]
12 4 -12 6

8 42 -g 22
~12 -4 12 -6
8 22 -4 42

where the elements of inertia matrix are

m,=1402(32- 3+ 1

rr112=211

(10-7)
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ma=712(5-3)
m ,=21(10-3

ms=-71%(5-2)

Once the energies associated Witklement is find out, then it is repeated for rall
elements of the link. The KE and PE of the link canv be obtained as summing up all
the respective energies of the all the elementeeSihe inertia and stiffness matrices are
of order 5x5 for single element the order of these matricesafbole link (n elements)
as a whole would &+ 2(n—1)x 5+ 26— 1. However the link under consideration is of
cantilever beam with one end fixed results in novemoent at fixed end. So incorporating
the boundary conditions the order of the matricesouldr reduces to

3+2(n-1)x 3+ 20— 1. The KE and PE of the whole link can be mathem#yic

represented as

n n
T=_ZTi and U=_ZUi ettt e (3.3D)
=1 i=1

Exploiting equations (3.29), (3.32), (3.35)direquation (3.7) the dynamical model of
the flexible link would result. The dynamical mod#lthe link in compact form can be

written as

MO+KQ=T .o (3.36)
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This equation represents dynamical model efftexible link without any damping
term. Passive damping can be included into equafB36) based on Rayleigh's

proportional damping which is given by
C=aM+LK ...t (3.37)

Thus the dynamics of the flexible link can be mmdifas

MO +CQ+ KQ=T| tooviiiiiiiiii . (3.38)

Equation (3.38) along with equation (3.6) complewdscribes the dynamics of flexible

link.

3.2. State space representation of the dynamifieable link

State space representation of the modeéégssary for design and analysis of the
controller. So before we focus on the controll@testspace model is obtained. Here the
model of the link has been derived separately &uator, link and given in equations
(3.1), (3.6), (3.21) and (3.38). In this work theerdotor dynamics separately incorporated
for ease in understanding the operation of flexiilk in practical aspects. However the
inclusion of motor dynamics increases the orderstate space by one. Referring
equations (3.1), (3.6) and (3.21) the state spagresentation of the AMM model can be

written as

X = AX *B“} (3.39)

Y =CX +Du
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T
where X=[6, 5 6 J ia]

O2x2 "2 0 Onq

A=|-B I -8 Yn+p) B IP|, B= Onyg

_Ra 1

I Ol><2 S La | _L_a_

C=llge) D[ O5g).
and K =| 0 de, D=|0 DJ}T, P=[NrK; o]T , s:[—NiKt o}
a

Similarly the state space representation of the FEMilel is given in equation (3.40).
The state vectors here are different from AMM maaled the order of the system matrix
depends on number of elements being consideredalysas than how many modes are

taken into consideration in assumed mode method.

T
X=[Q Q ia
0 | 0 0
and  A=|-M Xk -M7c MTRNK |, B=| 0
0 s A} =S
i La | | La_

1
¢ =[|3+2(n-1><3+ 2~ 1)} - PT [03+2(n-1>‘3* 20~ 1)} R {02+2(n—1)<j
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3.3. Experimental setup of flexible robot system

Quanser two DOF serial flexible link robot consisfstwo serial flexible links
manufactured by Quanser. It is primarily designedldboratory experimental work for
the students, researchers to carry out the rea &nalysis of the studies and let them
understand real world industry problems. In thetir& robotics lab of NIT Rourkela
two link flexible robot developed by Quanser [26] available for study of control
objective of flexible robot. It consists of two gdrflexible links actuated by dc motor
instrumented with strain gauges for tip deflectmeasurement. The main components of
the setup are the linear amplifier, Q8 terminalrdp®AQ system and different sensors
like strain gauge, quadrature optical encoder tlgwitches. These are discussed in detail

in subsequent sections.

3.3.1. Flexible links

The robot is provided with two flexible lislof different dimensions. Both these link
is made of wear resistant 1095 spring steel. Tteglss capable of Rockwell C55
hardness at low tempering temperatures. Both lanksof same length but with different

width and thickness and their dimension is givethetable 3.1.

TABLE 3.1FLEXIBLE LINK PARAMETERS

Parameters| Lengthincm Width in cnl\ Thickness in ¢m

Link 1 22 7.62 2.261

Link 2 22 3.81 0.127

30



The links are mounted to the actuator through geed reducer. At the base of the links

strain gauge is fabricated for tip deflection measent.

3.3.2. Sensors

There are different sensors used for different mmessent of signals like optical
encoder for angular position measurement, strairggdor strain measurement, limit
switches for limiting maximum and minimum positiogis. The details of the sensors are

discussed below.

Strain gaugestrain gauge consists of a thin metallic elastitemal as a strain

measurement and it is mounted on the place wherdddy is subjected to strain. The
basic principle of operation is that the straintbe body causes strain gauge to undergo
some changes in the length and this length is redétd in terms of measurement of
interest. Normally a balanced bridge circuit (Wiséate bridge) is used with strain gauge
forming one of its arms. Any change in length o tlauge changes the resistance and
hence voltage leading to bridge unbalanced. Thaioelship between dimension of the

body and resistance is given by

a

wherel, aandz are the length, area of cross-section of the lzodlyresistivity of

the body. The voltage generated is given in tefmasnscreated by the body in mm/mm.
Here the tip deflection is measured by the gauge&lwls mounted at the base. The

movement of the tip in either direction createsist@at the base, i.e. length of the gauge
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increases so resistance and voltage. This stragalisrated in terms of deflection in

meter [26] and is given by

2

2 e (3.41)

y:

wilnN

The Lbis the length of the link measured up to strainggatrom free endT is the

thickness of the Iink,Eb :6FLb/YXT2is strain in mm/mm at the bas¥,is young's

modulus of elasticityF is load force at the tip in NX is the width of the flexible link.

The strain gauge measurement circuitry is piediat the base for operation of the
bridge circuit. It consists of two potentiometeracke having 20 turns, viz, gain
potentiometer and offset potentiometer. The forswgplies power to the bridge while
the later is used for zero tuning of the circuitémove any offset voltage that might have
kept. The gain potentiometer has a constant gain2@¥0 while gain of offset

potentiometer is adjusted for zero measurementrumm®ading at the tip.

Q-Optical encoderQuadrature optical encoder is used for angulartiposi

measurement very precisely. It consists of two igpuiz. channel A and channel B
which is placed 90 degree apart from each othesidge these a third input calledlex

input exists which provides single pulse per retiotu for precise measurement of
reference position. The position of these input®mtical encoder is shown below. The
optical encoder is mounted on the shaft of the matal on the periphery of the disc two
digitally encoded signals is placed over it. A gheensor and light emitting diode is

placed on opposite side of the disc.
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Fig. 3.4 Operation of optical encoder

When light is detected by the sensor it is encaaedne (1) otherwise zero (0). At any

time only two inputs are encoded based on whetiephoto sensor is activated or not

The two encoded signal on the disc is representetigital pulses.

|||||||||||:||||Ei|||':n.m"rl|
Channel B

ok Track on Cisk

Charmol A&

Channel B

=0

Fig. 3.5 Quadrature operation of optical encoder

When the motor rotates signals are encoded asadmitses and a cycle is counted when

there four transitions of digital pulses occur (0@, 10, 11). So if counter counts 1024

lines per revolution of the encoder it actually B824X4=4096 counts/rev. Therefore we

can say the optical encoder is of resolution 4 sirttee counts of the encoder. Here it
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counts 1024 lines/rev so it will have 4096 couets/The angular position counted per

revolution of the encoder {860 409§(77/ 18)= 0.001 rad/rev.

Limit switches:There are two limit switches for each link mounggdnaximum

and minimum positions of rotation of flexible linkbot. These sensors are used to ensure
the safe operation of mechanical unit. These asechity hall effect sensors with three

terminals device manufactured by Hamlin. It reqat:€5VDC supply for its operation.

3.3.3. Actuators

In robotics application dc motors are widelsed as actuators because of ease in
control. However pneumatic type actuators can & used in some specific
applications. The dc motor rotates at very higredpghich is reduced to some safe value
by speed reducer. Here harmonic drive is useddeed reduction and is placed coaxial
with the actuator. Harmonic drives possess mangiatdiges over conventional gear train
box in terms zero backlash, not bulky, lightweightd precise high gear ratio. Link 1 is
coupled with the maxon 273759 precision brush mof®0 watts and link 2 is coupled
with maxon 118752 precision brush motor of 20 waBsth optical encoder and
harmonic drives are mounted on the motor shaft. fdrenonic drives are manufactured

by Harmonic drive LLC.

The basic principle of operation of harmoditve is based on a strain wave gearing
theory. The constructional features consist of aterocircular spline, flex spline and
wave generator. The wave generator is fixed tontleéor shaft and it has an elliptical

disk with outer ball bearing provision. The cirauspline is a rigid fixed circular cylinder
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with teeth present along the inner surface. The #pline is a flexible thin structure
which deforms to the shape of circular spline. @h@ngements of these three parts are
given in figure. Both wave generator and flex splare placed inside the circular spline
such that the tooth of the flex spline exactly fitgh teeth of circular spline as the

rotation starts along the major axis of wave getioera

Fig. 3.6 Harmonic Drive

The dc motors are manufactured by Maxon sarss$ the ratings are given in table

3.2. The mechanical parameters of hub 1 are givéabie 3.3.

TABLE 3.2 ACTUATOR SPECIFICATIONS

Motor specification Link 1 Link 2
Armature resistance 1153 2.32Q
Armature inductance 3.16 mH 0.24 mH
Torque constant 0.119 Nm/A 0.0234 Nm/A
Back emf constant 0.119 Vs/rad 0.0234 Vs/rad
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TABLE 3.3FLEXIBLE LINK SYSTEM PARAMETERS

Parameters Link 1 Link 2
Maximum continuous current 0.944 A 121A
Gear ratio 100 50
Moment of inertia at motor shaft 6.28X1@g n? 1.03 X10° Kg nt
Moment of inertia of drive mounting bracket 7.361%1Kg n? 444.55X1¢ Kg nt
Moment of inertia of compounded end effector system 0.17043 Kg rh 0.0064387 Kg i
Torsional stiffness constant 22 Nm/rad 2.5 Nm/rad
Mechanical time constant 5ms 4 ms
Young's modulus of elasticity 2.0684X1®Pa 2.0684X1Y Pa

3.3.4 Linear current amplifier
A linear current amplifier with two channels is pided by Quanser. The two motors are
actuated by control signal from this amplifier.plovision for current measurement, to

enable/disable it.

TABLE 3.4 AMPLIFIER SPECIFICATIONS

Parameters Each Channel
Maximum continuous curren 3A
Peak current 5A
Maximum continuous voltage 28V
Peak power 300 W
Bandwidth 10 KHz
Gain 0.5 AV
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The control signal from Q8 terminal board to thetonagoes through amplifier. The
amplifier provides a constant current to voltageng# 2V/A. The specification of the

linear current amplifier is given in table 3.4.

3.3.5 Cables

There are different types of cables are used ffiferént purposes like analog, digital,
encoder etc. These cables perform their respedtinetion. The details about these

cables are discussed below.

Motor Cables: These cables carry signals from dmplto motor. It consists of four

leads two for dc motors, one for ground and otimer is left unconnected.

Fig. 3.7 Motor Cables

Encoder Cables: Optical encoder generates encodeal svhich is transmitted by

encoder cables to the Q8 terminal board whichdsired for the design of the controller.

Fig. 3.8 Encoder Cables
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Analog Cables: Signals like from strain gauge, entrisensor are of analog type and the
signals before their use they must be convertemldigital. So these analog cables carry

signals to Q8 terminal board for their conditioning

Fig. 3.9 Analog Cables

Digital Cables: Digital 1/0 cables are used for eoumication with PC which handles
digital signals. Sometimes some components neée &nabled and/or disabled in some

specific operation of the manipulator and digitghsl shows better flexibility.

Fig. 3.10 Digital I/O Cables

3.3.6 External power supply

There is provision for external power supply#5VDC. There are some sensors like
strain gauge, limit switches require the dc powar their operation. It consists of an

adapter along with power cable.
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Fig. 3.11 External Power Supply

3.3.7 Q8 terminal board

It is an interfacing terminal board for signals éogfrom different parts with the PC. In
fact, it forms the platform where a different cahtsignals communicate with the plant
and user. This board has provisions for analog di@ital 1/0, encoder signals etc. The
different signals must be converted into digitafope they are used in the control
algorithm. Here core2duo processor implements toatral algorithm. Quanser
hardware-in-loop (HIL) board conditions differengrsals and sends digital signals to the
processor. The communication between Q8 terminatdband processor is performed by
32 bit digital /0O ports. The Q8 terminal boardstsown in Fig.3.12. Besides this, it also
provides enable signals to amplifier and to chatiferent channels as well. In Fig.3.12
it is shown that it has eight analog and analogutst eight encoder ports, four digital
input and output ports, ports to communicate wihtmller. MATLAB has provisions to
support files to integrate with Quanser driverdito that the models will run in real time.
The control signals generated by controller is tdigbut the motor requires analog
signals. The HIL board performs the digital-to-amgatonversion (DAC) and sends it to
the motor.
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Fig. 3.13 Hardware-In-Loop (HIL) board

The Q8 board takes 17i8ec with all eight channels working simultaneousky
analog-to-digital conversion (ADC) and for DAC dtkes 1.3qusec. It is to be noted here
that only four analog input channels and two anaaotput channels are being used so
that the time requirement for ADC and DAC convemsi® reduced. The real time model

execution depends on these data conversion rates.
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3.4 Interfacing with MATLAB/SIMULINK

The control algorithm is implemented on core2duo ocpssor through
MATLAB/SIMULINK. The flexible link robot is interfaed with MATLAB software.
The interface between flexible link robot and MATBAs done by the QuaRC software
which allows the SIMULINK models to run in real-tentarget seamlessly. The software

allows the users to build the model and then canihéx target before running it.

Strain Gaug

Flexible Link

Harmonic Drive

DC motor

Current Sensi

A 4

Q-Optical LINEAR
Ecode CURRENT
AMPLIFIER

\ 4 A4 II

Q8 DATA ACQUISITION TERMINAL BOARD

Fig. 3.14 Quanser Single Link Flexible Robot System
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The experimental block diagram of flexible link nyauator is shown in Fig.3.14. User
communicates with real-time set up through iBall & Windows XP platform. The
controller developed by user is implemented usingTUMAB/SIMULINK which is
integrated with the real time plant by QuaRC sofava he results of experiments are

obtained in SIMULINK environment.

3.5 Experimental validation of the model

The model derived using assumed mode method aitd &ement methods are
validated with experimental results in open loopditon. In both the cases, a bang-bang
torque input with 0.5 Nm for 0.3 sec and -0.5 Nm@d sec to 0.6 sec is given to both
real time plant and mathematical models. The bagghnput is shown in Fig.3.15. The
experimental results are compared with simulatiesuits for both AMM and FEM

models and are shown in Fig.3.16 and Fig.3.17.
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Fig. 3.15 Bang-bang input
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3.5.1 Results of assumed mode method model

The response of flexible link robot to bang-banguinis analyzed both by simulation and
experimental studies. The hub angle, tip deflecaod tip trajectory of both assumed
mode model and real time plant are compared. Thgltseof hub angle, tip deflection
and tip position are shown in Fig. 3.16 (a)-(c)pexgively. It shows that simulation
results agree with that of experimental results.rii@u negative excursion the
experimental result of hub angle decreases afteedone than that of simulation result
in Fig.3.16 (a). This is due to at 0.3 sec the masp of tip to negative torque gives a
delayed response so is the hub angle. The frequeEnapration of assumed mode model

is also consistent with experimental results asvshia Fig.3.16 (b).

0.6
[ — AMM |
Experiment
=)
@ |
Q
(@)}
o |
<
-0.1 ‘ ‘ ‘ ‘
0 2 4 6 8 10
Time (sec)
Fig. 3.16 (a)
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Fig. 3.16 AMM model validation results with bangrgainput (a) Hub angle, (b) Tip deflection and T®)
trajectory
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3.5.2Results of finite element method model

The experimental study of finite element model Isoaanalyzed for same bang-bang
input voltage. The results obtained from finite neémt model are compared with
experimental results. Here, only one element isiciamed in deriving the model because
single element can result in more than 87% accufd®y. The tip deflection, tip
trajectory and hub position of simulation and ekpental results are plotted in Fig.3.17
(a)-(c) respectively. Hub angle of both AMM and FEMbdel differ slightly because of
non-minimum phase characteristic of tip which i nompensated in the deriving the
model. However, in the controller design necessarg can be taken for non-minimum

phase characteristics. The tip trajectory respoaseSMM model agree quite closely

with that of experimental results (Fig.3.17).
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Fig. 3.17 FEM model validation results with bangwpanput (a) Hub angle, (b) Tip deflection and T
trajectory
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3.6 Summary

Modeling of actuator (dc motor) is done in sectih.1 separately and then flexible link
dynamics is derived using assumed mode and filgeent method in subsequent
sections. In finite element method only one elemsrtonsidered to derive the model.
Then experimental test bed is briefly discussedeantion 3.3 followed by real time
integration with MATLAB/SIMULINK. The open loop maa validations are reported in
section 3.5 by providing the bang-bang input to dbemotor with amplitude of 0.5 for
0.3 sec only. It is shown that both simulation @&xgerimental results agree with each

other.
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Chapter 4

Tip Position Controller for Flexible Link Robot

4.1 Introduction

The different control techniques have been develdpesingle/multilink flexible
robots. The flexible link robot is a single link thwutput (SIMO) system with input and
outputs are non-collocated in which the input te siystem is less than the input. Initial
works used linear control techniques based onrtrester function model of the robot.
Some earlier works of Canon and Schimtz [28], Oaldad Canon [29] derived non
linear model using assumed mode description andc®&iroller was designed from
linearised model. They carried out both simulateomd experimental work for their
designed PD controller to a step command. The fearfanction model reveals that
presence of right-half s-plane zero which is chrézed by delayed response. However,
over the last two decades due to development itracsrea many controllers have been
developed for flexible link robot. Some of the ribtsork of A De Luca and Siciliano
[15] addressed inversion control of assumed modthademodel, optimal control for
single link by Canon and Schimtz [28], inner andeowstabilizing loop control by H

Genieleet al [14] are worth to be noted. In recent years somg&hefnonlinear control
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techniques have been designed and promising aspfesxtét computing approaches have

motivated researchers to use it for flexible linkat.

In this chapter the concentration is made towandsend point control of flexible
link robot. Since the manipulator is required to wveoto the final position with
minimum/zero vibration of tip and we expect simplentroller such as PD would be
enough for controlling the tip vibration. The nesdction discusses such controller for

regulation problem of flexible link robot.

4.2 Tip feedback controller

The tip feedback controller as its name suggesgtsietfflection is fed back into the
controller for vibration control of flexible struate. PD controller is very effective even
for some complex systems given the gains are prom#rosen. The gains play an
important role in the performance of PD control lee@r unavailable of many standard
procedures for choosing optimum gains often linkét application to wide class of
systems. Notwithstanding PD control is widely usedifferent systems with satisfactory
results motivating many researchers to incorpoditierent intelligent tools for gain
optimization. Here the tip feedback controller evided by feeding tip deflection to PD

controller as
u=—Kp(9(t)—9des)—Kd9(t)—Kf YA oo (8.2)
where 8(t) is the hub angle of the link.

(&

desis the constant final position.

49



6(t)is the angular velocity of the obtained by derivetilter.

yis the rate of change of tip deflection measuredsbgin gauge and

derivative filter.

Reference

input
i Tip feedback Controller g,y

5 . Actuator Single Link
U=-Kp(60) - G45) - K480 - K (LD (DC Motor) [*| Flexible Robot

A 4
v

A

Fig. 4.1 Block diagram of tip feedback controller

The block diagram representation of system withtradler is shown in Fig.4.1.
Here our reference input is a constant positionabse of regulation problem. The
controller drives the motor but in practical cakeré is amplifier of some gain which
drives the motor. The flexible is instrumented wsmsors for measurements of different
signals such as hub angle and tip deflection. incouatroller we need the rate of change
of these measurements, so derivative filters aszl ws practice. Optical encoder and
strain gauge provides the hub angle and tip deéflecheasurements. These signals are
fed back to the input where the error signal iswalked. This error and rate of error
signal are directly used in our controller whiclvds the flexible robot and closed loop

operation of system is achieved.
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The controller structure is very simple with fitstm is proportional and second
term indicates derivative controller. It is notddtt rate of tip deflection is incorporated
into the PD controller to effectively suppress Witaration of flexible robot. The structure
of the controller with relevant to practical implemation is shown in Fig.4.2. Strain
gauge measure tip deflection in meter as per equédi.41) and optical encoder provides

the joint variables. These sensor signals are ttiresed in the controller design. The

gainst, KOI and Kf are constants exclusively determine the performaoic the

proposed controller. At this point it can be sdidttany arbitrary chosen gains might not
result better tip performance even may lead toesystinstable. Hence tradeoff gains

must be chosen for acceptable system performance.

D-Filter [« Q-Optica
encoder
A

69 69 )

Amplifier —» I

A

y

A 4 \ 4 A 4
Q8-Terminal Board " Strain
Gauge

and Quanser HIL Board

|

Intel C2D Processor

Windows XP OS, MATLAB/SIMULINK environment
u= —Kp(e(t) —ed%)— K400~ K ¢ (L)

Fig. 4.2 Real-time implementation of controllenstiure
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There are many techniques available for choosingsgaf a PD controller
provided the system transfer function is known. &oonlinear system it is cumbersome
to find out the gains of controller because of wmlable of any standard tools. The
evolutionary techniques are problem independentgdtion methods are motivated by
living creatures. These techniques optimize pararadty minimizing and/or maximizing
a certain function called objective function/fitsetunction [30]. Here, evolutionary
computation techniques have been implemented td fwt the optimum gains.
Evolutionary technique such as genetic algorithmA)(S used for optimal tuning of the
gains due to its simplicity, straightforward to ®engence often lead to satisfactory
results. However, in recent years many developmeéntthe areas of evolutionary
techniques is reported viz, bacteria foraging opation (BFO), particle swarm
optimization (PSO), ant colony optimization (ACQ¢ &ave proved a better convergence
capability than GA is implemented in thrust aredsresearches. Here we have

implemented BFO for optimization of gains and a panson with GA is addressed.

4.2.1 Genetic algorithm optimization

Genetic algorithm is a derivative free optimizatginchastic optimization method
based on natural selection and evolutionary presedsis a set of systematic steps with
each steps are motivated by theory of evolutiomals first proposed and investigated by
John Holland in 1975 [31]. Today's human expertigd intelligence is the result of
million years of evolution as cited in the theorf @volution proposed by Charles

Darwin. He proposed this theory that states orthedt ones survive and passes their
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character to the next generation. This idea isvatgd and formulated in terms a set of

rules by Holland and called it Genetic AlgorithmA)G

These evolutionary algorithms are interest to megsgarches because of their
parallel-search procedure, applicable to both ooltis and discrete optimization
problems, less chance of getting tapped at locaima/maxima, easily applicable to any
set of problems without requiring any knowledgehesf system where it is being is used.
The basic principle underlies on three steps vetedion, cross-over and mutation.
Initially a set of data are generated randomlyechlpopulation. Population contain a
number of data are called chromosomes; we can ssst af chromosomes form the
population. Biologically genes form the core pdrtlee chromosome, or in other word a
set of binary bits called gene form the chromosoferoup of genes constituents a
single chromosome. Thus if the problem of optimizineeds two parameters to be
optimized and we want to have initial populationteenty then we shall have twenty
chromosomes with each chromosome contains two géiniseso be noted that a gene is
represented by 4-8 binary bits of chromosome. Butour case we carry out the
optimization process using decimal values rathantbinary bits without sacrificing

accuracy and computational efficiency [21].

Selection:in this step population undergoes a selection quoe. As

discussed earlier, GA optimizes a certain fitnessction, so each chromosome is
associated with its respective fitness value. Hetg, problem is to minimize the tip
vibration i.e, tip must align along the hub if thiération is desired to make zero. So the

fitness function chosen is modified integral squamrer (MISE) and is given by
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T 2
F —cj)K ( p(L,t)- Ledes) O oo, (4.2)
whereK is the penalty for overshoot and is given by

1.0  when p(Lt)sL,
10.0 when p(L{)>L

Hdes

Therefore, fitness function for each chromosomeevaluated using equation
(4.2). The chromosomes with minimum fitness value better ones than those with
larger values. The selection criteria is thus toade first half of members with better

fitness values.

Cross-over:only first half chromosomes undergoes cross-ovep.sHere

chromosomes cross-over each other till populatine s reached in order to keep the
total population size constant. Any two chromosomékcross-over or not depends on
their cross-over rate. In this step new two offsgis are generated by two parents. In
case of binary chromosomes crossover occur at aimy f the two chromosomes where
they exchange their genetic information and pass their child. Instead that in decimal

numbers each parent contributes to its subseqeeetration.
Kp=c* Kp1+(1—c)* sz

ChIldL:{ Ky = C*K gy (A= C) K gy evevreaeriemrrvcsereensveennee 4.3)
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Kp=@-c)*K y+c" K,
Child2:4 K § = (1=C)*K g #C* K o v (4.4)
K¢ =(1-C)*Ky +c* K

where cis a random number and we have chosen 0.8 so dlcat garent will pass the
genetic information to a particular child. Substipand subscript 2 denote parent 1 and

parent 2 respectively.

Mutation: in cross-over the genetic information is passedhtr posterity.

However in some cases it is found some genetianmtion of parent is lost due to
crossover and good parents might result in offgggimvith less chance of survival. This
occurs in biological evolution and hence it is alsotated here mathematically. Each
new chromosome undergoes mutation if it satisfextac mutation rate. In all cases it is
common sense to select the mutation rate very loavia this optimization process we
have taken mutation rate to be 0.1. The offspringtéergoing mutation results in

Kp=Kp+(m -0.5*2*Kp max

Kq =Kg +(m,-05)*2*K cveeien (4.5)

d_ma)( I I I IR

Kp =Ky +(mg=0.5)*2* K o

where mare the random constants of three gains and aem tak 0.6 for three
gains andK p may is the maximum allowable changes during mutatiorkip and so
on. The overall procedure is shown in flow charFig.4.3.

In most derivative free optimization procedure stquite important to choose

initial population and maximum number of generatigguations (4.2)-(4.6) are repeated
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Fig. 4.3 Flow chart of genetic algorithm
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for a till the maximum number of generation is et or whichever is earlier till a
termination criteria is met. One must be carefuilevbhoosing initial population because
large population may lead to longer time to coneeagd vice versa. On the contrary we
can say engineering judgment must be made to mawimumber of generation
otherwise GA would be repeated even though allclvemosomes have converged at
some generation enough earlier now to terminate piteeess. Of course choosing
between number of generation and population isinmjue; rather it exclusively relies on
the problem. However it is of not much concernhe tiser once a suitable termination
criterion is met. One may choose the terminatiotega as; if no change in fitness
function occurs appreciably during some generat{say for 30 generation) the
optimization process is terminated. Here we hakert&o0 chromosomes per population,

0.0001 as tolerance for fitness function must Satesterminate the process.

4.2.2 Bacterial foraging optimization

Bacterial Foraging Optimization (BFO) is anotheridative free optimization
method proposed by Kevin M. Passino [27] in 200isTalgorithm represents behavior
of bacteria E. coli) over a landscape of nutrients. Many researchave Istudied the
behavior ofE. coli and its other species especially their locomotgemeration during
their life cycle. Very interesting features havesbhebserved how it moves towards non
noxious environment without having any knowledgetlo& environmentE. coli is best
suitable microorganism whose life cycle can be wtded easily. It has a plasma
membrane, cell wall, a nucleon and a numerous lflageover its body used for

locomotion. The bacteria normally wanders for fopakches over a medium and it
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randomly moves in random direction. It continuesntovement in a particular direction

if nutrient gradient increases otherwise it tumblEsis step is called chemotaxis step of
bacteria. While it is moving towards the food paitlsends some attractant secretions
which enable nearby bacteria to move towards fadlp However the bacteria are also
very cautious about its own life and it does nédvalall bacteria to move towards food

patch that will create a noxious environment feratvn life. So it also secretes repellent
signals which will resist large number of bacteaféected by its attractant signals. Such
behavior is represented as swarming. Once thigas they undergo reproduction step in
which bacteria in noxious environment dies and ¢hos non noxious environment

survives and reproduces bacteria at their samdidéocéo keep total number bacteria
constant. It is natural some bacteria still in maxious environment dies and/or totally

eliminated. This is called elimination and dispéstap.

Very important and innovation step Bf coli is the chemotaxis step thereby the
bacteria undergoes changes with respect to bothiggognd time. Now the obvious
guestion is how does a bacterium move ahead omzadRlIt is said earlieE. coli have
numerous flagella that is responsible for locommutiBach flagella is left-handed helix,
when it rotates counterclockwise as viewed frone feaed of flagella looking towards the
cell it creates a force against the cell so thatlthcterium moves forward. However each
bacterium do have a large number of flagella amir ttumulative effect of pushing the
bacterium forward would make the bacterium to sviamvard. This is shown clearly in
Fig.4.4. On the other hand when flagella rotatelohdse the net effect of flagellum is to

pull the cell towards itself.
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Fig. 4.4 Bacteria locomotion due to flagella ragati

Presence of large number of flagella will pull ttedl in their respective direction
making the bacteria to tumble i.e, it cannot deeithether to swim or run. The details of
each step with relevant to flexible robot are désad below. In general we represent

each bacterium ag' (j,k,l) in following description with superscript repre@rhth

.th

bacterium undergoing™' chemotaxis stepkth

reproduction step antf" elimination

and dispersal step.

Chemotaxis:nitially a bacterium population is created randpmin our

problem each bacterium constituent three parametpresenting three gains of the
controller. First in this step the fitness valueeath bacterium location is found out by
suitably selecting a fitness function. Here sammeefis function F ) MISE is chosen for

comparison purpose with GA. Each bacterium is atidwo move in a certain random
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direction and again fitness value denotedgg,, is calculated. IfFqy < F is satisfied

then bacterium moves another step in that diredtiba maximum number of swim step
is reached. It is obvious choice that to chooseimam swim step in a chemo taxis stage
less than the number chemotaxis step. Howeverfons environment is noticed the
bacterium tumbles between swim and run. Mathemlbtich can be represented as

suppose the bacteriurdl (j,k,l) is undergoingjth chemo taxis step then swim of the

bacterium in a random directiap(i) with chemo tactic ste@ (i) >0

8 (j+1k 1) =6 (k) +CH @) oo (4.6)

The random direction is of unit magnitude can bepresented as

(i) :A(i)/\/AT (i)a(i) whereA(i) is generated randomly. While the bacteria moves

with each chemo tactic step fitness function is leat@d to calculate nutrient
concentration at each position they are traversihgs is repeated for all bacteria (s8y

is number of bacteria in a population)

Swarming:ln each chemotaxis step the bacteria moves in racplar

direction if the favorable nutrient is detected. Wliloing so, each bacteria secrets some
attractant and repellent signals which allow tharbg bacteria to move to nutrient
medium. This stage ensures overall convergencemilption which is the key feature of
gradient free optimization methods. This can beeustdod as large number of bacteria
swarming in container with nutrient kept at the tcenlf one bacterium detects food
concentration and it signals to nearby bacteria thgroup of bacteria would converge to

centre rather than a single bacteria would haveeto\his increase converge rate of
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overall population and reduces optimization timeiolhis very crucial part of bio-
inspired optimization methods. That is fithess eaht current location of bacteria is

affected by the presence of nearby bacteria. Madhieally it can be represented as

F-% d expl —w. 5(9 —Hi )2
2| Vattract attract Z,{"m~m

S P i 2
+i§1 hrepellent EXP "Wrepdllent Zl(ﬁm—ﬁm)

where p is the number of parameter to be optimized andrgblarameters carry

their respective meaning.

Reproduction:it is health assessment step where better bactervive and

higher fitness value members die. Here half of blaeteria of population with least
fitness value survive and rest worst bacteria altedk It is to be noted that the new

bacteria are generated at same location with fhadr@nt for better convergence.

Elimination and Dispersal: is very intuitive to living being that

calamities often causes best member also to gdibanteria are of no exception. When
bacteria move in a certain nutrient media it enteedium with different environment

conditions. Suppose bacteria moving in stomach rexpees different pH conditions

which decide their adaptability to the environmeénteal situation some bacteria die and
some survive even though they belong to same specighe algorithm step they are
randomly destroyed; however in order to keep tha tmumber of bacteria constant, same
numbers of bacteria are generated randomly at raridcations. The complete procedure

is shown in flow chart in Fig.4.5.
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Fig. 4.5 Flow Chart of Bacterial foraging optimizet method
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4.3 Simulation results

To carry out the study of effectiveness of the mapilon of evolutionary
techniques in the tip feedback controller, numéstaulation is carried out. At first GA
is applied to tune the gains of the controller.dHier GA optimization technique, we have
chosen fifty chromosomes per population randomlyhat starting of the process. This
initial population is chosen randomly but withims® specific domain. As we have three
gains so there are three genes in a single chramesti must be kept in mind that

throughout the process decimal values are usedrrétan binary bits as is the case in

conventional GA. The different ranges of gainstateen as 0-20, 0-5 and 0-20 f()b,

Kd and Kf respectively. The cross-over and mutation ratestaiken as 0.9 and 0.1

respectively. We expect that better parents wiliiwestly for the next generation.

At start of the optimization process the fitnessugaof each chromosome is

evaluated as per equation (4.2). The fitness vialegaluated for 2 sec (T=2 sec) because

the maximum time to settle the tip at final posntibed% is chosen as 2 sec. The fitness

function in this case is taken as MISE to let fipenust not give large overshoot while

minimizing the rise time. In mutation the maximutiowable changes in tHép, Kd
and Kf are 0.8, 0.9 and 1 respectively. The simulat®oarried out for a maximum

generation of 100. However, it is not a wise decisio run the process for 100
generation because of time and resource are npepyoutilised. Hence it is imperative
to use a termination criterion from the practicainp of view. Particularly in this problem

the variation of fithess function is used for temation criterion. If the fitness function
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value doesn't change much or it is within the tolee value over a certain number of
generation then we may terminate the process. ®hes$ function plot is shown in

Fig.4.6.
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Fig. 4.6 Fitness function of GAO method

Here best individual is picked for which the fiteseglue is plotted. In the case
gradient free optimization processes always fissigpon occupied by best individual

and. It is shown that at #3yeneration the process is terminated as it metetingination

criterion. Almost at ¥ generation the fitness value becomes the ordm_gﬁndicating

the fast convergence rate of population. The cpmeding gains i.e, first chromosome
throughout the optimization process is shown in&igy From this figure, we can observe
that first chromosome doesn’t show much variatiéera3® generation and it remains

constant throughout the optimization process.
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Fig. 4.7 Gains of GAO method

The gains thus obtained at last generation arepliemum gains tuned by GA. The final

gains we obtained using GA tuning are 17.9569, @3198nd 1.2505 dep, Kd and
Kf respectively. These gains are used in the coatrgiiven by equation (4.1) and

numerical simulation carried out to study the dffemess of the GA tuning tip feedback
controller. The following figures 4.8 (a)-(c) shawe hub angle, tip deflection and tip

trajectory variation with the GA tuned gains is wimo

The desired hub angle of the motor isas€t5 rad and tip feedback controller with

GA tuned gains is implemented to position the fiphe flexible link robot at desired tip

positionLHdeS(:O.llm). The hub reached at 0.5 rad in 1.6 sec but consglsettling
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time of the hub to settle withia2%tolerance band of 0.5 rad it requires 0.95 sec. Tip

deflection is also suppressed at its first halieyc
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Fig. 4.8 (a) Fig. 4.8 (b)

The initial undershoot (Fig.4.8 (b)) is due to tien-minimum phase characteristic. The

tip trajectory during the regulation problem istpda in Fig.4.8 (c). The settling time for

the tip is also found out to be 0.95 sec. Very igdgk overshoot of the ordero 3 and
smooth tip positioning is achieved by this GA tupitip feedback controller. However
the tip reaches the final position 0.11 m at nearf/sec. It can be said at this point that
with incorporating evolutionary techniques into tlsemple joint PD tip feedback
controller the performance of the controller is noyed significantly because in

conventional tuning methods no optimal gains aaseh.

With clearly examining the performance of GAning controller gains and
availability of some improved gradient free optiatibn method at hand we can expect

better results than conventional methods. Here xpéoted another technique BFO for
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tuning the gains. To compare the potential of BM&r@&A we need some common bases

like same fitness function, same number of bacttdand see their convergence rate.
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Fig. 4.8 (c)

Fig. 4.8 Simulation results with GA optimized ga{a3$ Hub angle, (b) Tip deflection and (c) Tip &etory

The different parameters chosen for BFO technigqaes@ bacteria with each containing
three parameters, 10 chemo taxis steps with a mewifiour swim step in each chemo
tactic step, two reproduction and elimination amspdrsal steps. The elimination and

dispersal probability is taken as 0.25. The fitnkswxtion plot is shown in Fig.4.9 to
measure the accuracy of the method. The fitheagevabtained of the order a0

compared to GA where it is of orddf 3. Therefore the gains tuned by BFO are better
tip positioning capability than GA tuning gains.rdein abscissa labels the total number
of chemo taxis, reproduction and elimination anspdrsal steps. The fitness function

shown here is the track of best bacteria convergingrds the non noxious environment.
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The movement of best bacteria is plotted in figdduwhere it always moves towards the

optimum solutions. Gains don’t change much aftesta§es of the bacteria.
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Fig. 4.9 Fitness function BFO method

The final gains obtained are used in the contrablestudy the effectiveness of the BFO

tuned gains. The final gains we obtained using @AINg are 17.3955, 1.8010 and

17.6588 foer, KOI and Kf respectively. The initial bacteria population engrated

randomly within the same domain as that of GA papah. It is to be noted in the BFO
method we have not considered swarming mechanismbarfteria for each in
optimization; however inclusion of swarming signalill make the process to
convergence faster than that of without swarminghaaism. Comparison of Figs. 4.11
(a)-(c) with Figs. 4.8 (a)-(c) shows quite improvents in the performance of controller

in terms of settling time, rise time etc. The sedtitime for hub angle to settle within the
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+2% band of the final value is 0.4 sec. Similarlystfor tip of the flexible link robot is
nearly 0.5 sec which indicates more improvemenejsrted in the case of BFO tuned
gains. The deflection of the tip is also suppressedirst cycle of vibration. A

comparison of study of both the tuning is repottadr section of this chapter.
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Fig. 4.10 Gains of BFO method
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Fig. 4.11 Simulation results with BF optimized gai(e) Hub angle, (b) Tip deflection and (c) Tip
trajectory

4.4 Experimental results

To study the practical aspects of the controllamg obtained by GA and BFO tuning are
implemented in real time test bed and compared siittulation results. The hub angle,
tip deflection and tip position to a final tip pten of 0.5 rad is shown in Fig.4.12 (a)-(c).
The tip undershoots initially with very large mamwie but after that is suppressed to
zero. Hub angle and tip position finally settledi rad and 0.11 m respectively. Tip of
the robot rises smoothly without actuating the ailan. It is to be noted that a

compromise has to be made between rise time atlithgetme with no vibration of tip.
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Fig. 4.12 Experimental results with GA optimizedirga(a) Hub angle, (b) Tip deflection and (c) Tip
trajectory

The responses are similar to that obtained in sirmd studies. The settling time for both
hub angle and tip is found to be 0.95 sec saméd sisnoilation results. Here vibration is
damped out in first cycle however noise amplifyisgynals results in very small

magnitude oscillation in hub angle and tip trajegteith GA tuned gains.
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Fig. 4.13 Experimental results with BF optimizednga(a) Hub angle, (b) Tip deflection and (c) Tip
trajectory
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TABLE 4.1 PERFORMANCEMEASURES OF THET IP FEEDBACK CONTROLLER WITHGA & BFO TUNING

Performance Indices GA tuned gains BFO tuned gains
Settling time 0.95 sec 0.4 sec
Rise time 1.3 sec 0.38 sec
Peak time 1.5 sec 0.41 sec
Overshoot 0.91% 0.45%
Steady state error 0 0

The hub, tip deflection and tip trajectory for Big@ins are shown in Fig.4.13 (a)-(c).The
tip response of BFO tuned gains is much faster @Aruned gains (Fig.4.13(c)). The tip
settles within+2%band of steady state response in 0.4 sec withouhmh frequency
vibrations. Due to fast response the tip undershaath large magnitude but it subsides
within 1.5 sec. Table 4.1 shows the performanceth®fboth the tuning methods. Both
these methods result in overshoots but within trstesn requirements. Looking at both
of these methods the application of evolutionarynpoting techniques for gain
optimization results in the optimal selection ofngathan stable gains as in the case of
conventional design methods where design is prisnadased on the stability rather than

optimal performances.

4.5 Summary

Section 4.1 reviews some of earlier developmentthéncontroller. In section 4.2 tip
feedback controller is proposed with evolutionaghniques employed to tune the gains
of the controller. The details of genetic algoritlamd bacteria foraging optimization are
presented with relevance to flexible robot. Thelofwing two sections discuss the

performance of these two methods.
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Chapter 5

Conclusions and Suggestions for Future Work

5.1 Conclusions

In this the chapter we discuss many advantagesdmadivantages associated with the
controller even some of the future challenges aapes for further development. The
dynamics of the flexible link robot is discusseddnapter 3 where AMM and FEM
models are obtained. The basic difference in bbthese models are deflection in AMM
is obtained in terms of number of modes while inVFEhe cumulative deflections at
nodes of elements give the deflection of tip of tbhbot. Deflection in FEM model is
more practical signification than AMM model howevassumed mode model is very
explicit, straightforward. The model validation diggs show the results of AMM are very
appreciable to real time, but for multilink FEM nebdvould be useful in design of the

controller.

During the design of controller non minimum phabaracteristic has not been
taken into consideration because we concentrateairfinal position control. Of course
that the simple joint PD controller won't take cafesuch problem for which some other

complex controller may be appropriate. Howevehmtracking problem the tip feedback
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controller would have a delayed response for whsome better controller can be
designed. But for tip position problem this corigpis very effective for placing the tip
at its desired position. The simulation results sitrewn for GA and BFO tuned gains to
study the performance of the controller. To stutg practical applicability of the
proposed controller real time experimental studgasied out. Thus it can be said that

the controller can be used as far as tip posisaoncerned.

5.2 Suggestions for future work

The proposed work in this thesis is for single litdxible manipulator which can be

extended in future perspective. These are someestiggs made for reference.

» The modeling techniques can be extended to two hm&nipulator with
incorporating actuator dynamics in both assumedemoddel and finite element
model.

» This controller is very easy to implement that oitljeeds the computation of
gains by offline method and then using it in réaet Moreover no complexities
are present like other controller so it can be kel to a multilink flexible
manipulator.

» Some online tuning methods can be employed to therygains of the controller

in order to make the system unaffected under argnpeter variation.
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