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Summary

In this thesis, dynamic modeling of rotational/translational flexible link robots are
studied. Subsequently, controller design and experimental evaluations of the model

are investigated.

For the simulations and controller design, both the Assumed Modes Method (AMM)
and the Finite Element Method (FEM) are investigated for completeness. For both
the methods, it is shown that different dynamic models (linear or nonlinear) can
be obtained through different representations of the position of the flexible link.
By generalizing the modeling of single link robot, the modeling of a n-link robot
is presented. From the simulation results of the proposed controller utilizing the
single link models and the multi-link model, it is shown that all the derived models
are able to provide reasonably good approximations to the original flexible robot

system.

In this thesis, The main contributions lie in:

e New property of the system is found. In a flexible link robot, by assuming that
payload mass and payload inertia is sufficiently small, the inertia matrix has

negative off-diagonal components in its first column. In controller design, the
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new property leads to a prior knowledge of the sign of the items that control
input is affine to. It is essential in solving the adaptive control problem for

unknown parameter system.

Based on the simple model derived in the modeling part, an adaptive control
using neural networks is proposed. The main idea is to regroup the system
into two reduced order system based on singular perturbation theory. How-
ever, for an unknown parameter system, the equilibrium trajectory of the fast
system is unavailable for controller design. By using the essential properties
of the system, the adaptive law is constructed by regarding it as a constant in
the fast time scale. Simulations are carried out to evaluate the effectiveness

of the controller.

To cater for interaction with the environment, a constrained robot control
is proposed. Based on singular perturbation theory, a composite strategy is
carried out by using a slow control design for the rigid part and a fast control
for stabilizing the flexible part. Simulations are conducted for a planar two
link flexible robot in contact with a compliant surface. It is shown that the
proposed controller can guarantee the regulation of contact force and tracking

of end-point to the desired trajectories.
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Chapter 1

Introduction

1.1 Background and Motivation

Conventional rigid-link robots have been widely used in industrial automations.
However, to obtain high accuracy in the end-point position control of these robots,
the weight to payload ratio of the robots must be high, and the operation speed is
normally quite slow. At the same time, large power supply and thus considerable
energy consumption is inevitable to operate these heavy-weight robots. These
drawbacks greatly limit the applications of these robots in the fields where high

speed, high accuracy and low energy consumption are required.

Flexible link robots with a number of potential advantages, such as faster opera-

tion, low energy consumption, and higher load-carrying capacity for the amount



1.1 Background and Motivation

payioed

flexible robotic links

control motors

Figure 1.1: A two-flexible-link robot

of energy expended stemming from the use of light-weight flexible link manipula-
tors, have received much attention. However, compared to rigid robot, structural
flexibility causes many difficulties in modeling the manipulator dynamics and guar-
anteeing stable and efficient motion of the end-effector. For a rigid link robot, the
position of the payload, i.e., the variable to be controlled, is determined by the joint
angles which are defined in certain coordinate systems. The joint angles can be
directly controlled by motors, and thus the number of the variables to be controlled
is equal to the number of the control inputs. For flexible link robots, the flexible
links will undergo deformation in motion due to the flexibility of the link. Taking
the first link as an example (Figure 1.1), one can see that a point on this link has
a deviation d from the undeformed position, and therefore the motion of the point,
related to d, is not completely determined by the joint angle 6;. A further conclu-
sion can be made that one needs an infinite number of d’s to describe the motion
of the whole link. In other words, the control objective becomes more challenging

since the number of the variables to be controlled is much more than that of the



1.2 Previous Work

control inputs [1].

On the other hand, a number of conventional linear as well as nonlinear techniques
have been developed in recent years to address the problem of controlling single
link manipulators. However, a frequently encountered problem in industrial appli-
cations, such as polishing, inserting, fastening, etc., is to control a robot in contact
with a surface. This typical constrained motion task often requires a multi-link
flexible robot, due to the reduction in degrees of freedom in the system. More
importantly, unlike the free motion robot, the control of constrained robot has an
additional and more difficult objective, i.e., the regulation of the contact force to

the desired set-point.

1.2 Previous Work

Lightweight manipulators offer many challenges in comparison to rigid manipu-
lators. Energy consumption is smaller, so the payload to arm weight ration can
be increased and fast movements can be achieved. Due to these characteristics,
this class of manipulators is specially suitable for a number of nonconventional
robotic applications. Thus, the importance of having an accurate model that can

adequately describe the dynamics of the manipulator is obvious.

The original dynamics of a flexible link robot is governed by coupled Partial Differ-

ential Equations (PDEs) and Ordinary Differential Equations (ODEs), and thus is
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a distributed-parameter system possessing an infinite dimensionality [2-4]. Since
the infinite dimensionality is the most difficult thing to handle in controller design,
the original dynamics is, reduced to finite dimensional models using either the As-
sumed Modes Method (AMM) or the Finite Element Method (FEM) by making

some acceptable assumptions.

In AMM, the elastic deflection of a flexible link is represented by an infinite number
of separable modes [5,6]. Only the first few low frequency modes are dominant in
the robot system, thus, the modes are truncated to a finite dimension models.

There are two types in AMM: constrained modes and unconstrained modes

e In the constrained mode method, it is generally obtained by assuming that
there is no joint acceleration and solving the Euler-Bernoulli beam equation
under certain types of boundary conditions. Different types of boundary con-
ditions may result in different type of modes shape functions. Two frequently
used ones are the clamped-free and pinned-free boundary condition. In [7,8],
the models with these two type of boundary conditions are used in controller
design. It is found that the pinned-free is more accurate than clamped free

with a relative small hub inertia [9,10].

e In the unconstrained mode method, the models are decouped for each mode
[6]. The mode-shape functions are rigorously formulated and dependent on

the control input, thus, the analytic form of the model may be difficult to
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obtain.

In AMM, the concept of natural frequencies are explicit. However, the assumed

harmonic modes do not have any physical meanings.

The FEM modeling of flexible link robots (and associated controller design) can be
found in [11-16]. In this method, the flexible link is divided into a finite number
of elements. The link’s elastic deformation is represented in the form of a linear
combination of admissible functions and generalized coordinates. There are many
kinds of admissible function which meets certain nodes boundary conditions [17].
Most commonly used admissible functions is the B-spline function that is intro-
duced in [18,19]. The alternative choice is to use the solutions of the differential
equation which governs the static bending of the considered beam [17]. In FEM,
all the generalized coordinates are physically meaningful, however, the concepts of

natural frequencies are not explicit.

Although the explicit models have been derived for the case of a one link flexible
arm, its simplicity prevents thorough understanding of the full nonlinear inter-
actions between rigid and flexible components of arm dynamics. Thus, various
formalism have been proposed for dynamic modeling of multi-link arms [20, 21].
In [22], a dynamic model of multi-link flexible robot arms, limiting to the case
of planar manipulators with no torsional effects is derived. The model is derived

by the Lagrangian technique in conjunction with the AMM. Links are modeled as
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Euler-bernoulli beams satisfying proper clamped-mass boundary conditions. Some
models of constrained flexible robots are developed in [23,24], and a solution algo-
rithm is presented for the closed loop inverse kinematics (CLIK) problem [25,26].
It is formulated in differential terms by deriving a suitable Jacobian that relates

the joint and deflection rates to the tip rate [27,28].

From a modeling standpoint, the scenario is complicated by the presence of addi-
tional deflection variables, compared to the case of rigid manipulators, where the
joint variables are sufficient to describe the system configuration. On the other
hand, from a control standpoint, it is desired to reduce link deflections, but the

trouble is that there are more control variables than control inputs.

In view of the above difficulties, the most effective control strategies for flexible link
arms have been developed at the joint level, such as linear control [29], optimal
control [30], sliding mode control [31], direct strain feedback control [3], inverse
dynamics methods, and energy-based control [32,33], have been studied based on
a truncated model obtained from either the FEM or AMM [1]. An effective control
method for flexible link robots is the singular perturbation method [34-36]. Based
on singular perturbation theory, the rigid motion (joints motion) and the vibration
of the flexible links are decoupled and generate a composite control law [34]. This
method is attractive because it make used of the two time-scale nature of the system
dynamics. In particular, by selecting the fast states to be the elastic forces and their

time derivatives, and slow states to be that of the equivalent rigid manipulator,
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a linear stabilizer (fast control) is designed to stabilize the fast subsystem around
the equilibrium trajectory defined by the slow subsystem under the effect of the
slow control [35,36] , and a nonlinear controller is used to make the slow dynamics
track the desired trajectories. In [35], a singular perturbation model for the case of
multi-link manipulators is introduced which follows a similar approach in terms of
modeling as that introduced in [37] for the case of flexible joint manipulators. The
singular perturbation approach is also considered in [38,39]. A comparison is made
experimentally between some of these methods in [36]. On the other hand, several
researchers use the integral manifold approach introduced in [40] to control the
flexible link manipulator [41,42]. In [41], a linear model of the single flexible link
manipulator is considered. A nonlinear model of a two link flexible manipulators
is used in [42]. In this approach, new fast and slow outputs are defined and the
original tracking problem is reduced to track the slow output and stabilized the

fast dynamics.

However, all of these works are based on the exact knowledge about the nonlinear
functions or the bounds of uncertainties. Such a priori knowledge may be difficult
to obtain in practice. To overcome the limitation, the approximation capabilities
of neural networks have been utilized to approximate the nonlinear characteristics
of the systems. The introduction of neural networks can remove the need for the
tedious dynamic modeling and the error prone process in obtaining the regres-

sion matrix. In recent literature, there have been many neural network controls



1.2 Previous Work

proposed for robot arm [43-45]. On the other hand, in a series of work [46-48],
the control of the slow subsystem is designed and analyzed based on fuzzy logic

algorithm to handle uncertainties.

In fact, the tasks of industrial robots may be divided into two categories. The
first category is the so-called free motion task, and the second category, involves
interactions between the robot end-effector and the environment. Many robot
applications in manufacturing encounter some kind of contact between the end-
effector and the environment, as the robot moves along a prescribed trajectory.
Therefore, constrained robots have become a useful mathematical method to model
the physical and dynamic effects of a robot when it is engaged in contact tasks.
Unlike free motion control, where the only control objective is trajectory tracking or
set-point regulation, the control of a constrained robot has an additional difficulty

in controlling the constrained force.

During interaction with the environment, it is required to consider both force con-
trol and position control. While several control methods exist for the rigid robot
manipulators, only few works addressed the control problem of flexible link robots.
A hybrid position and force control approach is proposed in [18,19,49,50]. A non-
linear decoupling method was considered in [51], and the application of computed-
torque controller for constrained robots was carried out in [52]. All the existing
methods are dependent on the exact cancellation of the robot dynamics to achieve

the desired results.



1.3 Work in the Thesis

1.3 Work in the Thesis

In this thesis, dynamic modeling and control are investigated for flexible link robots.

It is organized as follows.

Chapter 2 reviews the two existing modeling methods: AMM and FEM. Although
some of the proposed control strategies in this thesis require no knowledge or only a
partial knowledge about the system dynamics, the analytical model of the system is
still needed for the purpose of simulation and controller design. In single link cases,
it is shown that different dynamic models (linear or nonlinear) can be obtained
through different representations of the position of the flexible link. In addition,
some properties are discovered in this chapter, which is essential in solving an open

control problem in the following control design.

In Chapter 3, the problem of control design based on singular perturbation theory
is considered. Under the assumption of large link stiffness, the original system is
regrouped into two subsystems: fast system for flexible dynamics and slow system
for rigid dynamics. Then, both the Proportional Integral and Differential (PID)
control for the known system and the adaptive neural control for the unknown
system are explored. The main difficulty comes from the fast controller design
for the unknown system, which requires a priori knowledge of the equilibrium (.
By investigating the dynamic model, some critical properties of inertia matrix

M are found. Using these properties, a fast subcontroller is designed based on
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1,. In addition, ¢ is considered as a constant in the boundary layer [53]. Model
based and neural network based adaptive subcontrollers are proposed for the fast
unknown dynamics by updating the estimation of ( in the fast feedback loop. The
controllers ensure that the system asymptotically converge to a bounded invariant
set. Furthermore, due to the existence of internal structural damping in a flexible
link in practice, the flexible robot tends to stop vibrating and finally stop at the
under-formed position. Consequently, the controller approaches cannot hold at a

nonzero constant, which implies that tip regulation is achieved.

Chapter 4 discusses modeling methodology and force control scheme of constrained
flexible manipulators. A two time scale manipulators is proposed, based on the
arguments developed for rigid robots in contact with compliant environments. In
contrast with unconstrained manipulator, the hybrid control scheme, in which force
and position are considered separately, controls both force and position in the full
space. In order to cancel out the effects of the static torques acting on the rigid part
of the manipulator dynamics, a new control input u is introduced. Then, by using
similar arguments in [24], a singular perturbation control is designed to guarantee
the force regulation and position tracking. The fast stabilizer is constructed to
control the dynamics related to link flexibility. The control laws are tested in

simulation on a two-link planar constrained manipulator.

Finally, Chapter 5 gives the conclusion of the thesis and makes suggestions for

future work.

10



Chapter 2

Modeling of Flexible Structures

2.1 Introduction

Several of the control strategies for flexible link robots described in the remainder
of this thesis rely on an accurate dynamic model of the system. For the purpose
of controller design and simulations, the modeling methods AMM and FEM are
reviewed in this chapter. Creating a dynamic model that accounts for link flexibility
adds additional challenges beyond the standard rigid link robot dynamics. The
most apparent complexity arises due to the additional degree-of-freedom (DOF)
associated with link deformations. Although in theory this adds an infinite number
of DOF, in practice only a finite number are used to generate a model that is
sufficiently accurate for predictive simulation and control design. For multilink

flexible robots, the models based on AMM can be found in [22], and the multilink

11



2.2 Modeling of a Single-Link Flexible Robot

model based on FEM is proposed in this chapter.

2.2 Modeling of a Single-Link Flexible Robot

In this section, we discuss several dynamic modeling approaches for a single-link
flexible robot. The Assumed Modes Method (AMM) and the Finite Element

Method (FEM) are introduced in detail.

In the AMM modeling, the elastic deflection of the beam is represented by, theo-
retically an infinite number of separable modes, but practically only finite number
of modes with comparatively low frequencies are considered as they are generally
dominant in the system’s dynamic behaviour. The method of arc approximation
is used to represent the position of the flexible link, which leads to a linear time

invariant model.

In the FEM modeling, the flexible link is divided into a finite number of elements.
The generalized coordinates of the system are the displacements and rotations of
the dividing nodes [17] with respect to a reference local frame. The position of
the flexible beam is represented by a Cartesian vector, and the resulting model
is nonlinear. The arc approximation of the position in this case is also briefly

discussed.

For convenience, we make following assumption [1]:

12



2.2 Modeling of a Single-Link Flexible Robot

Assumption 2.1: The flexible link of the robot, with uniform density and flexural

rigidity, s an Fuler-Bernoulli beam.

Assumption 2.2: The deflection of the flexible link is small compared to the length

of the link.

Assumption 2.3: The payload attached to the free tip of the flexible robot is a

concentrated mass.

Assumption 2.4: The base end of the robot is clamped to the rotor of a motor.

Assumption 2.5: The effects of any kinds of damping are neglected.

Assumption 2.6: The flexible robot only operates in the horizontal plane.

Some basic notations are listed below:

L: the length of the flexible beam:;

ETI: the uniform flexural rigidity of the flexible beam;

p:  the uniform mass per unit length of the flexible beam;

M;: the concentrated mass tip payload;

Iy:  the hub inertia;

7(t): the torque applied by the motor at the base;

O(t): the joint rotation angle;

13



2.2 Modeling of a Single-Link Flexible Robot

y(z,t):  the elastic deflection measured from the undeformed beam;

p(x,t): arc approximation of the position of a point on the beam;

7> the position vector of a point on the beam in the fixed frame XOY’; and

7. the position vector 7 represented in the local frame xOy.

2.2.1 AMM modeling

In this section, we review the dynamic model of a single-link flexible robot as
shown in Figure 2.1 by using the AMM. The method used is the constrained modes
method. The modes shape functions are obtained by solving the Euler-Bernoulli’s
beam equation. The boundary conditions of the Euler-Bernoulli’s beam equation
are of clamped-free type by selecting the local reference frame in such a ways, i.e., the
horizontal axis is always tangent to the flexible beam at the base. Such a selection
of reference frame also means that its horizontal axis is actually the position of
the undeformed beam, and represents the rigid (joint) motion of the flexible robot.
The position of the flexible beam is represented in the ways of arc approximation,

which lead to a linear time-invariant model.

14



2.2 Modeling of a Single-Link Flexible Robot

payload

hub

Figure 2.1: AMM modeling of a flexible robot

Arc Approximation

In the AMM modeling with constrained modes, the elastic vibration of the flexible

beam is generally assumed to be of the form

y(o,t) = Z i) qi(t)

where ¢;(z) are, the modes shape functions or the eigen-functions and will be
defined later, and ¢;(t) are the generalized coordinates. Fach ¢;(t) corresponds to

a DOF of the system.

It is well known that the first several modes (corresponding to lower frequencies) are
dominant in describing the system dynamics. The infinite series can be truncated

into a finite one, i.e.,

N

y(z,t) =Y di(x)qi(t), 0<a<L (2.1)

=1

where NN is the number of the modes which are taken into consideration.

15



2.2 Modeling of a Single-Link Flexible Robot

In order to use the Euler-Lagrange’s equations to obtain the dynamic equations of
the system, we need to calculate the kinetic energy and the potential energy of the
system. Since the elastic deflection y(z,t) is assumed to be small, the arc p(x,t) as
shown in Figure 2.1 is used to approximate the position of a point on the flexible

beam.

Solution of the Euler-Bernoulli’s Beam Equation

Under the assumption of small deflection, y(z,t) is considered small and the posi-

tion of a point on the flexible beam can be approximated by
p(z,t) = 20(t) + y(z, 1) (2.2)

which is frequently used in the literature, e.g. in [8,9], and others. From now on,

the space variable 0<z <L holds for all the time unless otherwise stated.

The total kinetic energy Fj can be calculated by

Ey, = Epm+ B+ By

1. L 1
= §1h92 + g / p*(z, t)dx + §Mtp2(L, t) (2.3)
0

where

1. k 1
Ekm = §Ih627 Ekb - g/ p2(l‘,t)dl’7 Ekp = §Mtp2(L’t)
0

are the kinetic energies of the motor, the flexible beam and the tip payload, respec-

tively. From the assumptions stated at the beginning of this chapter, the potential

16



2.2 Modeling of a Single-Link Flexible Robot

energy of the system only comes from the bending strain energy of the flexible

beam, i.e.,

= = | v (@0)]dx (2.4)

where the primes denote the derivatives with respect to time and space, respec-

tively. Let W = 7(¢)6(t). According to the extended Hamilton’s Principle:
ty
/ 5(Ey — E, + W)dt = 0 (2.5)
to

where t, < t < ty is the operating interval and ¢ is the variational derivative [54],

and substituting (2.3) and (2.4) into (2.5), we obtain the following system dynamics:

(I + 5pI?)0(0) + / wij(w, e + MLILO(®) +§(L, )] =7 (26)

1"

pleb(t) +§(z,1)] = —Ely" (z,1) (2.7)

(2.6) is an ordinary differential equation (ODE) representing the moment balance
at the base end of the robot, and (2.7) is the partial differential equation (PDE)
describing the vibration of the flexible link. The corresponding boundary conditions

are given by the following set of equations:

y<0at) =0 (28)
y (0,t) =0 (2.9)
y (L,t) =0 (2.10)

17



2.2 Modeling of a Single-Link Flexible Robot

"

EIy" (L,t) = M[LO(t) + ij(L,1)] (2.11)

(2.8) and (2.9) hold because the reference frame xOy is selected such that the axis
Oz is tangent to the beam at the base. The third boundary condition, (2.10) comes
directly from the zero value of the bending moment at the tip (note the tip payload
is a concentrated mass), and the fourth one, (2.11) is actually the motion equation

of the tip payload M;.

In the constrained modes method, 6 =0 is assumed, and the dynamic equation

(2.7) reduces to the Euler-Bernoulli’s beam equation:

mn

pj(x,t) = —Ely (z,t) (2.12)

and the corresponding boundary conditions (2.8)-(2.11) becomes

y(0,t) =0 (2.13)
y (0,t) =0 (2.14)
y (L, t) =0 (2.15)
Ely"(L,t) = M(L,t) (2.16)

From the method of separating variables [55], we assume that the solution of (2.12)

is of the form
y(z,t) = 2(z)Q(1)

Substituting this solution into (2.12) yields

"

" EBI_ Q
5 (2.17)



2.2 Modeling of a Single-Link Flexible Robot

Since the left hand side of (2.17) is only dependent on x and the right hand side
is a purely time-varying function, it is obvious that both sides must be constant.
If we denote the constant by k, we can obtain two ordinary differential equations,

namely,

O(t) + kQ(t) = 0 (2.18)
3" (1) = %k@(m) (2.19)

and the boundary conditions (2.13)-(2.16) are reduced to

o(0) =0 (2.20)
P'(0) =0 (2.21)
" (L) =0 (2.22)
d"(L) = —%k@(L) (2.23)

Thus, the associated boundary value problem is to find the solutions of (2.19) under
(2.20)-(2.23). The solutions are generally called the eigen-functions/modes shape
functions of the system. Clearly, Q(¢) and ®(x) of (2.18) and (2.19) should be such
that y(z,t) = ®(x)Q(t) satisfies the boundary conditions in (2.13)-(2.16). In [9],
the time dependent function Q(t) is assumed to be harmonic with frequency w and
thus k& = w?. However, this assumption is not necessary, as it is shown that the

solution of (2.19) is trivial when & < 0 [1].
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Finally, let & be a positive number given by k = w?, equation (2.19) can be re-

written as

(z) = (7)'®() (2.24)

Considering (2.30), the general solution of (2.24) is of the form

O (z) = C cos % + C5 cosh ﬂL + Cssin ﬂL + Cysinh % (2.25)

From the boundary conditions (2.20)-(2.23), we have the set of equations

(

01 + Cg =0
Cs3+Cy=0
—Cycos B+ Cycosh B — Cssin 3+ Cysinh =0 (2.26)

Cy(sin B+ 28 cos B) + Cy(sinh § + Mtﬁ cosh (3)

+ C’g(]\gzﬁ sin # — cos ) + Cy(cosh 3 + Aﬁ—zﬁ sinh 3) =0
To obtain nontrivial solutions, the determinant of the coefficient matrix of (2.26)

must be zero, i.e.,
M5, o
1 4 cosh B cos 3 + —I (sinh #cos 3 — cosh fsin 3) = 0 (2.27)
P

which may be satisfied by an infinite number of 3. Note that only positive values

of 3 are used.

The boundary value problem in this case is proposed in [1]. For completeness, it

1S re-written as

(z) = (7)"®() (2.28)
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(
d(0)=0
d'(0) =0
(2.29)
®"(L)=0
(L) + 22(L) = 0
\
where 3/L is given by
A% _ P 9
(L) = Lur. (2.30)

We have shown that the general solution of (2.28) is given by (2.25). Consider the

first two equations in (2.26), we have

O(x) = Cy |:COSh 6—; — cos %} + Cy [Sinh ﬁ—; — sin ﬁ—;}

and from the third equation in (2.26), ®(x) can be further written as

O(z) =Cy [cosh % — cos ﬁ—; — (sinh 6—5 — sin 5—5)} (2.31)

where

cosh 3 + cos (3
= 2.32
T sinh § + sin 8 (2.32)

Thus, the solution of the boundary value problem (2.28)-(2.29) is given by (2.31),

in which  should satisfy (2.27).

Since 6 = 0 is assumed (constrained modes), the Euler-Bernoulli’s beam vibration
system (2.12)-(2.16) is conservative, which can be solved if the initial conditions
are specified. We hereby assumed that the initial moment is ¢ = 0, and let the

initial profiles of the system be given by

y(x,0) = Yo(x) (2.33)
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y(x,0) = Yoa(z) (2.34)

Letting 0 < (1 < [ < --- < oo be the infinite number of positive solutions
of (2.27), we can obtain an infinite number of solutions of the boundary value

problem

pi(x) = Azﬁgz(ff)

_ Bix Bix . B . Dix
= A; |cosh R AL sinh 7 sinp (2.35)

i=1,2,---

where ~; is calculated by (2.32) with corresponding f3;, and constants A;’s are to

be determined later.

The time dependent function Q(t), from (2.18), is now governed by the following
equation

Q) +w’Q(t) =0 (2.36)
which indicates that Q(t) is harmonic with frequency w. For the infinite number
of 3;’s, we have, from (2.30), an infinite number of corresponding frequencies

_ 3 |EI

-\ (2.37)

%

Generally w; is called the natural frequency of the mode ¢;(t). It follows that an

infinite number of solutions of (2.36) exist
qi(t) = B; cosw;t + D; sinw;t (2.38)

where B; and D; are constants to be determined from the initial conditions later.
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Note that (2.12) is linear and homogeneous, from the Superposition or Linearity

Principle (i.e., Theorem 1 in [55]), a solution y(z,t) can be given by

y(z,t) = Z ¢i()ai(t) (2.39)

By introducing the following orthogonal conditions [1]

L 0 i
’ pi=j
L 17 1 0 i#j
EI [ ¢/¢de= (2.41)
’ wip i=j
it can be easily to determine A;, B; and D; [1].
1 2
A = = = (2.42)
[fo 07 (v)dx + 217 (L)
L
B = | Y@ + S V(LyoL) (2.43)
0 P
L
D, = wiz {/o Yoa(x)di(x)dx + %YOd(L)@(L)l (2.44)

Moreover, from fOL ¢ (x)dr = L (¢;(w) is given in (2.35)) when M, = 0 [56] [8], A;

can be simplified to

VL/L, when M, =0
A = (2.45)

1
2 . . 2
1/ [L + ]@fgg(lgﬁﬁsﬁiiﬁsﬂ?)2 when M; > 0

It should be noted that the solution y(z,t) obtained above is only valid for the
conservative Euler-Bernoulli beam vibration system. For the original system (2.6)-

(2.11) which is driven by the motor torque 7 and thus nonconservative, the solution
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(2.39) is invalid. However, in the AMM modeling with constrained modes, the
flexible vibration of the nonconservative system is also assumed to be of the form
(2.39), except that ¢;(t)’s are not given by (2.38) but dependent on the control

torque 7 and are called the generalized coordinates of the system.

From (2.2), we have
plx,t) = 20(t) + y(x, t)

which leads to

P(x,t) = a®0%(t) + 226(t)y () + 5%(2, )

then considering (2.1) and the orthogonal condition in (2.40), we have the following

equations

i 2262 (t)da = LLAG2(t)
o @ )de = S O [1 = D] + 280 ity [~H(D)6(E)
[ 2abyde = SN, 204, [ w¢i(x)da

PA(L,t) = L26* + 2L 300 0 (L) + 2000, q20H(L) + 2300y iy Gididi(L)i(L)
(2.46)

Substituting the equations in (2.46) into (2.3) and defining the generalized coordi-

nates vector as

Q=10q ¢ - qv) €rR" (2.47)

we can re-write the kinetic energy Fj into the following compact form

By = S0"MAQ (2.48)
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where M€ RWVHDX(N+1) is the symmetric and positive definite inertia matrix of

the system which is given by

In+L+1, my m% --- mf
ok m o m
ny ol o

The elements of M4 are defined as

I, = %pL‘3 (moment of inertia of the rigid motion w.r.t the base joint)
I, = M;L* (moment of inertia of the tip payload w.r.t. the base joint)
oh = p L= L3 (L)] + ML) = p

m4 = p [—%@(L)%(L)] + Mygi(L)g;(L) =0

my = pfOL x¢i(x)dr + My Lo (L)

(i,j =1,2,---, N, i#j in m%)

Property 2.1: If M, =0, the definition of M can be modified here.
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I, + I, + Ip my My My
ma 01 0 0
My o 0 - o,

where I, = 5pL3, I, = 0 (as My = 0), 0; = p, m; = pfOLxngi(x)da: and (i,j =
1,2,---,N, i#j in m; ;). The determinant of the coefficient matriz (2.27) can be
rewritten as

1+ coshfBcosB=0 (2.51)

With the help of the symbolic calculation software MAPLE, we obtain that

m; = p/o x¢;(x)dx (2.52)

= o [ o)

Noting the definition of ¢; in (2.31), we have

pL?
2[3; sinh 3; + 23; sin 3;

— cosh @-e‘ﬁi + €% sin 0B; — 2 — 2 cosh 3; cos 3; — e P ginh 0B; — cos ﬁieﬂi

[4 cosh 3; 4 4 cos §3; + € sinh 3; (2.53)

—e Pigin B; — cos Bie ™ — 2sin 0; sinh (3; — cosh @ef

L2
N 2(3; sinh ﬁf + 20; sin [3; [4 cosh (3; + 4 cos f; — cosh fie™% 4 e sin §;

—3 — 2cosh §; cos B; — e P sinh 3; — cos fie” — e Pisin f;
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— cos B¢ P — 2sin 3 sinh ﬁz}

LQ
~ 2f;sinh 6[; + 20, sin [4 cosh 3 + 4 cos ff; — cosh Fie™ + ¢ sin 3

—1— e Piginh 0B; — cos ﬂieﬁ" — e Pigin B; — cos ﬂie_ﬁi

—2sin F; sinh ﬁ,]

pL21 [ s
23; sinh 3; + 23; sin 3; cosh 3; + 4 cos 3; — cosh ;e

— cos B — e Pisinh 5; — cos Bie P

pL2 [ »
57, sinh 3, 1 20,5 5, | osh i + 4 cos f; — cosh e

+1 — e Pisinh ﬁl]

pL? [
23; sinh §; + 23; sin 3; cosh 3 + 4 cos 5
_ 2pL?(cosh 3; + cos 3;) =0
~ Bi(sinh B; + sin 3;)

This property is critical in the following discussion of controller design.

Substituting (2.1) into (2.4), the potential energy of the system can be calculated

by
1 L 52 2
E, = —EI/ {M} du
2 0 Ox?
N L 5
qu/ (é;/ dx + 2
i=1 0

Recalling the orthogonal condition (2.41) and using (2.47), (2.54) can also be writ-

1
= —FI
2

N L L
> ag /0 awjdx] (2.54)

ij=1 ij

ten into a compact form as

1 N
B, = 5 qwip
=1
1 T
= 5@ KaQ (2.55)
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where K 4, the stiffness matrix of the system, is given by
K4 = diag[0 w?p wip - wiple RN+ (2.56)

By substituting equations (2.48) and (2.55) into the Euler-Lagrange’s equations

7(t)
E,—E E,—E 0
i 8( k. p) _(9( k p):T: (2'57)
dt Q) oQ
0
we obtain the dynamic equation of the system as
MiQ+KiQ=T (2.58)

where T€ RN*1 denotes the generalized external force vector. From (2.48) and
(2.55), one can see that both the inertia matrix M4 and the stiffness matrix K4 are
constant matrices. It follows that the dynamic equation (2.58) is linear and time-
invariant. This result actually comes from the arc approximation of the position
of the beam by p(z,t), which itself can be taken as a linearization process of the
system dynamics. Such a linear model of the single-link flexible robot system is
experimentally tested in [57], and it is shown there that the vibration frequencies
obtained from the frequency response of the linear model is quite close to the

experimental results.

Considering that a large amount of well-developed control theories concerned with
a state-space model of the system, it is desirable to transform the dynamic equation
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(2.58) into state-space form. Defining the following state vector

X = QN QN

= 0aqg - avbdd - qv] €RNT (2.59)

We have the corresponding linear state-space model,

) 0 1 0
X = X+ T (2.60)
~M;'K4 0 M;?
It should be pointed out that if the position of the beam is represented by the
arc approximation, the linearity of the model will not be affected by the selection
of different types of boundary conditions (which corresponds to different reference
local frames in Figure 2.1). For example, in [9], a different linear model is obtained
by using the pinned-free boundary conditions. Some research work has been carried

out on the controller design based on these linear models, and the results, either

numerical or experimental, are quite satisfactory [29], [9] and [58].

2.2.2 FEM modeling

In this section, we will introduce the FEM modeling of the single-link flexible robot
system. In this method, the flexible beam is divided into a finite number of elements
by some nodes, at which the characteristics (node variables) of the bending beam
are assumed to be known, and the bending information at other points on the

beam are then mathematically fitted by the node variables. The fitting functions
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(or the admissible functions) here are selected to be the solutions of the differential
equation which governs the static bending of the considered beam [17], though

other choices, such as the B-spline functions [18], can also be used.

The parameters of the flexible beam, the motor and the tip payload are defined in
the previous section. The system and the associated coordinates system are shown

in Figure 2.2.

<

hub

Figure 2.2: FEM modeling of a flexible robot.

For simplicity, the flexible beam is divided into a finite number, /N, of elements with
the same length [ = L/N. The fixed base frame, as in Figure 2.1, is still denoted by
XOY, however the local reference coordinate system is a little more complicated.
There are totally N local reference frames, one for each of the N elements, i.e.,
frame x;0;y; is the reference frame for the ith element. All these N reference frames

are in the same direction as frame x107y; (whose origin, O, coincides with the
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base origin, O) which rotates with the hub. Obviously, the local frame x;0;y; is
actually the reference frame xOy in Figure 2.1. The vector O, in Figure 2.2 denote
the position vector of the origin of frame x;0;y; with respect to the base frame
XOY, and 7; is the position vector of the ith element with respect to the base
frame XOY. From Figure 2.2, one may also note that the elastic deflection of the
beam is represented with respect to the corresponding local frame, i.e., y;(z;,t) is
the elastic deflection of a point in the ith element measured in its own local frame

IiOiyi-

It should be pointed out that the beam’s position here can also be expressed in
either the arc approximation or the vector representation. However, only the latter
is considered in this section. For the FEM modeling with arc approximation of
beam’s position, interested readers can refer to [13], in which it is shown that the
arc approximation also leads to a linear time-invariant model. In the following
section, we will show that the vector representation leads to a nonlinear model of

the system.

Vector Representation

In this subsection, we would like to re-derive the dynamic model of the single-link
flexible robot system with the position of a point on the beam being represented

by the vector 7 as shown in Figure 2.1.
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Noting that 7" denote the position vector of a point on the beam with respect to the
fixed based frame XOY, and 7 with respect to the local frame xQOy, using some

basic knowledge of geometry, we have
7= T

- T (2.61)
y(, 1)

where T, is the orthogonal transformation function between the two considered

frames given by

cosf(t) —sinf(t)
T, = (2.62)
sinf(t) cosf(t)

which satisfies

Tt=T1" (2.63)
From some basic geometry knowledge, we have

G - (i — 1)l cosO(t) (264

(1 —1)lsin6(t)

o X
o= O;+T, (2.65)

yi(x% t)

where T, in (2.62) is the orthogonal rotational transformation matrix between

frames XOY and z;0,;y;. Combining equations (2.64) and (2.65) yields
7:; = Oz + T, + T,
yi(xiat) yz(xlvt)

32



2.2 Modeling of a Single-Link Flexible Robot

= Tr + Tr
(i —1)10 20 + U,
_yié
p— Tr
(i — 1) + 2] 0 + 4
= T, Wp (2.66)
where
- —fl/ié
Wp =

(i — 1) 4 23] 0 + 4

Solution of the Differential Equation Governing Static Bending of the

Beam

Let us consider the 7th element detailed in Figure 2.2. For the nodes through which
we divide the beam into elements, each of them undergoes both translational and
rotational displacements at the same time (axial displacement is neglected). Let
q2i—1 and ¢o;11 be the displacements of two nodes of the ith element and ¢9; and
@2i+2 be the two rotations, then go;_1, ¢oi11, ¢2; and go;12 are the node variables

through which the characteristics of other points in element ¢ will be fitted.

Since there is a total of N elements, the number of node variable, g, is 2N + 2,

ie., q1, @2, -+, @ani2- We can represent the elastic deflection in the ith element,
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yi(Iia t)7 by
4

yilwi,t) = 0i(@:)ga6-1)45 (1) (2.67)

j=1

(i=1,2,---, N and 0<uz; <)

where v;(x;) are the admissible functions. Because each ¢; corresponds to one
DOF of the system, the variables q; to gan 12 are actually the system’s generalized
coordinates. From Figure 2.2, we can obtain the boundary conditions with respect

to the two nodes of the element [17]
(

yi(0,1) = qai—1(t)

2 |, 0= gi(t)

(2.68)
yi(l,1) = qoiya(t)
Wt | 1= qaisa(t)

\

Substituting (2.67) into (2.68) gives the boundary conditions of admissible func-
tions ¢;(x;), j=1,2,3,4

1 j=1
¥;(0) = (2.69)

0 otherwise

1 j=3
V() = (2.70)

0 otherwise

dip; () ) b=z
— 0 = | (2.71)
0 otherwise
di; () L j=4
= 2.72
29, (272

0 otherwise
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We shall assume that the admissible functions ¢;(z), 7 = 1,2, 3,4, are given by
the solution of the differential equation which governs the static bending of the
beam subject to the above boundary conditions. That is, if we let ¢(x) be the
static elastic deflection, we have the differential equation of static bending of the
beam [17]

"

Y (r)=0, 0<z<l
The general solution of this differential equation has the form
Y(r) = 12 + o2 + e + ¢4

Using boundary conditions (2.69)-(2.72), the four admissible functions can be ob-

tained

Ya(z) = —F + &
\

In order to use the Euler-Lagrange’s Equations, we need to obtain the total kinetic
energy and the total potential energy of the system. Let Ej; and E,; be the kinetic
energy and the potential energy of the ¢th element, and Ej, and Ej,, be the kinetic
energy of the point mass tip payload and the kinetic energy of the motor, and we

have
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1 N T =

Ek‘p = EMt {T’i |7j:]\f7 :L‘lzl} {T’i |i:N7 xzzl}
1 .

Ekm — §Ih02

From (2.66), Ej; can be calculated by

1 [Tr\Ty.
B = §P/O {Tz} {H}diﬂi
1 [t "
| Y
1 [t . .
- §p/0 {y392 = D+ 2202+ g2+ 2[(i — D) + ;] ey} dz;(2.73)

Recalling (2.67), (2.73) can be reduced to a compact form

1. .

where, Q; = [0 q2i—1 Goi @oir1 Q2is2)’ is the generalized coordinates vector of the
ith element, and Mp;€ R?*® is the symmetric and positive definite mass matrix

corresponding to the ith element. For clarity, we define the following quantities

mip = p Jo 16 = Dl + @) y(w)da; j=1,2,3,4
mffi = pfol Vi (z) g (i) de; g k=1,2,3,4, j#k
oy = pfol V3 () d; j=1,2,3,4
and let d; be the coefficient of the item associated with 62 in the Ej; expression,

we have

l
0
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1 12 13 14

Op; Mp; Mp; Mpy; d2i—1
12 2 23 24

Mgy Op; Mp; Mgy q2i

+ (21 92i @2it1 Q2ito] >0 (2.75)

13 23 3 34

Mp; Mp; Op; Mpy q2i+1
14 24 34 4

Mp; Mp; Mp; Opy q2i+2

then the mass matrix Mp; is given by

1
di  Mp; Mp; Mp; Mpy

1 1 12 13 14
Mp; Op; Mp; Mp; Mpy;
Mp: = 2 12 2 23 24 2.76
Fi Mp; Mp; 0@y My My, ( )
3 13 23 3 34

It should be pointed out that (i) o7, and m]ﬁkl. are the same for all the elements
because they are independent of #; (ii) d; > 0 because Mp; is positive definite.

Similarly using (2.66) for Ej,, we have

1

Ekp = 5 t {W}ZWF} ‘i:N7 =l
1 -7 .
= EQN Mp,QnN

where Mp,€ R%*5 is the symmetric positive definite mass matrix of the tip payload,
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which has the form

1 2 3 4
dy Mg, My, Mg, Mg,

1

Mp, = 2 12 2 23 24
Fp My, Mg, Op, ME, Mpg,

3 13 23 3 34

4 14 24 34 4

with elements being defined by

i, = LMyy(2) lo— j =1,2,3,4
mit = Mj(x)i(x) L= Jk =1,2,3,4, j#k

Oy = M3 () oy j=1,2,3,4

1 12 13 14
12 2 23 24
9 Mpp Opp Mpp Mpy Q2N
dy, = MyL* + [gan—1 Q2N GoN+1 G2N+2)

13 23 3 34

me me UFp me Q2N +1
14 24 34 4

me me me O-Fp q2N+2

Recalling the boundary conditions in (2.69)-(2.72), d, and My, can be further

simplified as

dy = ML*+ Mgy, >0 (2.77)
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d, 0 0 ML 0
0 00 0 0

Mp, = 0 00 0 0

Now, the total kinetic energy E} is given by

N
E, = Y _ Ej+ Eyp+ Ep,

=1

N
1 . . 1. ) 1 .
= 3 Z Qf MpQi + §Q%MFpQN + §Ih92 (2.78)

1=1

The potential energy of the ith element £, is given by

1 [P [9%n
a5 ] o) [5)e
1 '[Py ’
= 5EJ/O {8:15?} dx; (2.79)

which, by using (2.65), (2.67) and noting the orthogonality of the transfer matrix

T, can be written into the following compact form

1
E, = 5@?[(&-@ (2.80)

where K ;€ R%*° is the stiffness matrix of the ith element. For clarity, let us define

the following notations
1 1 n2 .
kg = EI fo (o (7)dz; j=12,34

in L " . .
k%’z =LKl fo wj ('xl)wn(xl)dxl J,n = 17273747 J 7é n
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then Kp; can be expressed as

0o 0 0 0 O
0 Kk KR KE R
Kei= 10 K kg b8 KR (281)

13 23 3 34
0 sz kFi kFi kFi

14 24 34 4

It should be noted that all Kr; are the same because kfpz and k:%; are actually

independent of 7. Thus the total potential energy of the system is

E, = Y Ey

i=1

1
= EZQ?KFZ'QZ' (2.82)
i=1

In the derivation above, we introduce 2N + 2 generalized coordinates q;, ¢o, - - -,
¢an+2 and 6 to calculate the kinetic energy and the potential energy of the sys-
tem,however, we should note that the flexible beam is clamped onto the rotor of
the motor at the base such that the base displacement and rotation are zeros for
all time, i.e. ¢ = ¢ = 0. Thus the kinetic energy and the potential energy of the

first element can be modified to
]- '/T / 3
Ekl = 5@1 MFlQl
1 1T ’
Epl = 5@1 KFlQl
where

Q = [0a3q)"
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Mpy O Mpyp

4
Mpy Mpp O

00 0
Kep = |0 k3, k%

0 ki ki

!

For simplicity, we shall drop the primes, i.e., Q; = Q}, Mp, = M}l and Kp; = Kpy,

here after.

Up till now, the kinetic energy and the potential energy of the system are respec-
tively derived from the N local generalized coordinates vector ();. In order to
obtain the dynamic model of the system, we need to transform the above results

into a global generalized coordinate system. This is done as follows.
Introduce a vector Q€ R*N*! as
Q = [0gqu - Q2N+2]T
= [mnm - mvg] (2.83)

and a series of matrices H; (i = 1,2,---,N), with H; being defined as

100 - 0
Hl — 010 ---0 e R3><(2N+1)
0 01 0

and H; = [h;,]eR>CNFY (3 = 2,3,--- N), in which all the elements are zeros
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except for hy 1, hogi—2, h32i—1, hag and hs 941 being equal to 1. It is easy to check

that

Qi = H,Q (2.84)

Defining two matrices

Mpi _ HiTMFz‘Hi e REN+1)x(2N+1)

Kpi = HKpH; € RENTD*ENHY

and substituting (2.84) into (2.74) and (2.80) give

1o o .
1 T -~

The same generalization procedure can also be carried out on Ejy, and Ej,, by

introducing the following two matrices

MFP — Hjj\}MFpHN e R(2N+1)><(2N+1)

MFm — E R(2N+1)X(2N+1) (285)

then we have
1og~
Ekp = 5@ MFpQ

1 .. ~ .
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Thus, the total kinetic energy and the potential energy of the system are given by

Ey,

N
Z Eyi + Eyp + B,

=1

1 'T
5@

N
MFp + MFm + Z MFz] Q

=1

O MyQ (2.86)

1
1 N
[Z Kﬂ] Q
=1
1

2
_QT
—Q"KrQ

N
> En
i=1

2

2

(2.87)

where the symmetric positive definite mass matrix Mg and the stiffness matrix Kg

are defined by

Mp

Kp

N
MFp + MFm + ZMFZ

i=1
N
> Kpi
i=1

(2.88)

(2.89)

Since the first element of M is a function of generalized coordinates though other

elements are all constants, it will be seen that the resulting model is nonlinear.

Substituting (2.86) and (2.87) into the Euler-Lagrange’s Equations (2.57), we arrive

at the dynamic model

Mp(Q)Q + Cr(Q,Q)Q + KrQ =T

(2.90)

where the generalized external force vector T = [7(t) 0 --- 0]7"€ RZN*D*1 and the
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2.3 Modeling of Multi-link Flexible Robots

matrix Cr = [ck;], j,k = 1,2,---,2N + 1 is calculated by

2N+1

1 (Omp_p; Omp_; Omp_j\ .
N . : 2.91
n = 2 2( o am, ome )" (291)

in which mp_;; denote the ijth element of My and n;’s are the system generalized
coordinates defined in (2.83). Further defining the state vector X = [Q7 Q7]T, we

can obtain the state-space model of the system,

. 0 I 0
X = X + T (2.92)
~Mp'Kp —M'Cr M;?
As we have stated above, only the first element of My is inconstant, which, from

(2.88), is given by

N
mr_11 = dp -+ Ih -+ Z dl (293)

i=1

with d, > 0 and d; > 0 being defined in (2.77) and (2.75).

2.3 Modeling of Multi-link Flexible Robots

For a multi-link flexible robot, most existing models are based on AMM [22]. In this
section, we derive the dynamic model of a multilink flexible robot based on FEM.
The geometry of the robot is shown in Figure 2.3. In total, 2N frames are used
to describe the system, i.e., X;0;Y; and z;0;y;, j = 1,2,---,N. Frame X,0:Y;
is the fixed base frame. Other frames are all local reference frames attached to
the corresponding motors, specifically axis O;X; (7 = 2,3, -, N) is defined as the
tangent to the end tip of link j — 1, and axis O;z; (j = 1,2,---,N) is tangent to

44



2.3 Modeling of Multi-link Flexible Robots

link j at its base. The angular position of the jth link is denoted by 6; measured
in frame X;0;Y;. 0; is actually the angular difference between frames x;0,y; and
X,0;Y;.

Y1

X1

Motor 1

Figure 2.3: Geometry of the multi-link flexible robot

The multilink system geometry changes into the form shown in Figure 2.4, and
those of the j-th link are detailed in Figure 2.5. The following notations are used

throughout this section, unless otherwise stated.

(x0,y0): reference coordinates;

(x;,y;): local coordinates of frame z;0,y; that is attached to the j-th link;

(wij,v:;): local coordinates of frame x; ;O; jy; jthat is attached to the i-th

element of the j-th link;
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2.3 Modeling of Multi-link Flexible Robots

0.

¢jt:

je

Link |
P

X

)/j Y 9] ///

Yo °

Joint 1

°
° Link 1- Link j-1

» Xp

O

Figure 2.4: Structure of multilink flexible robot

rigid angle at the j-th hub;

rotational displacement at the tip of the j-th link;

q5,2i—1, 4j,2i+1-

j-th link;

qj2iy Gj,2i4-2°

the j-th link;

Ly

linear displacement at the two nodes of the element i of the

rotational displacement at the two nodes of the element ¢ of

vector from O; to point P in reference coordinates;
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2.3 Modeling of Multi-link Flexible Robots

Yo
4 Yird Oji1i
P jitl
X
Yii
01
Pii
i / |
i o,
0ji1
Yj
~ Z(0.4+P 1)+ 9 Xo

O
Figure 2.5: Structure of the j-th link

40 position vector of O; from O;_; in reference coordinates;

it position vector of P from O;

s;:  position vector of O; from O;

0;;: vector from O; to O;; in reference coordinates;

ET: the uniform flexural rigidity of the flexible beam;

p:  the uniform mass per unit length of the flexible beam;

M,: the concentrated mass tip payload;

Iyj:  the hub inertia of the j-th link;

7(t);: the torque applied by the motor at the base;
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2.3 Modeling of Multi-link Flexible Robots

*;; be the i-th element of the j-th link, unless otherwise state.

According to the FEM, without loss of generality, we assume that the beam is
divided into n parts of same length [ = L/n. Recalling the structure of each
element (Figure 2.2), let ¢;2;—1 and g; 2,41 be the displacements of two nodes, while
¢j2 and g;2i42 are the two rotations. Similarly, the elastic deflection in the j,¢
element y;; can be represented by a weighted sum g;2i—1, gj2i, gj2i+1 and g;2it2,

and is given by

4
Yialint) = > nlai)ga6-1)+k(t) (2.94)
k=1
(j=1,2---, N i=1,2 -, nand 0<uxj;,; <I)
In accordance with the boundary conditions, say, y;;(0,t) = g;2i—1(%), %ﬁﬂ |2, i=0=

Oyj.i(xji,

ngi(t), yj,z’(la t) = q]'722'+1(t)7 th) |Zj,i=l: q]‘72i+2(t) s the WelghtS can be chosen

as 3rd order polynomials, i.e.,

U(r);) = 7 ;

For the j-th link, the position of P on the i-th element is

Sjﬂ‘ = Sj + rj,i (295)
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2.3 Modeling of Multi-link Flexible Robots

From Figure 2.5, we know

Tji
rj; = 0j; + Tj Yji (xj,iy t) (296)
0
(1=1,2,---,n)

It should be noted that the local coordinates (z;,y;) is now rotated by an angle
of (aj_1 = fc;ll (O + Pr+) + 0;) about the z-axis from the reference coordinates.
This means that the transformation matrix which expressed the global coordinates

in terms of the local coordinates of the j-th link is given by

cosaj_y —sinaj_; 0
Tj(aj-1) = | sin aj—1  cosaj_p 0 (2.97)
0 0 1

(i — 1)l cosaj_q
Oji = | (i—1)lsinay_q (2.98)

0

where T, in (2.97) is the orthogonal rotational transformation matrix between

frames X;0,Y; and z;,0;,y;,. Combining equations (2.98), (2.96) yields

Ui = 0+ Ty | yyi(asat) | 10| galwst)
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2.3 Modeling of Multi-link Flexible Robots

0 —Yjitj-1
- Tj (Z — 1)ldj_1 + Tj ZL’jﬂ'Oéj._l + yj,z

0 0

—YjiQtj-1

= Tj [(Z — 1)l + QIJ',Z‘] O'éjfl + yjﬂ'

0
where
—Yj.i —Yj,i —Yj,i 0
Tio= | [(—)l+ay] [((—Di+a] [((—D+a] ¥l
0 0 0 0
and
Qi = A ¢51,t 0y ¢zz o 05 G Qo Gis dia)” (2.100)

Now, let us reconsider equation (2.95). Recalling (2.99), its derivative can be given
by
sj,i = Sj + I"jﬂ' (2101)
j—1
= Z Ty + 7T,
k=1
We need to obtain the kinetic energy, potential energy and virtual work of each
link, in order to apply Lagrange-Euler equations. Let £} ;; and £, ;; be the kinetic

energy and the potential energy of the ith element of j-th link, and Ej,; and Ej,,;
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2.3 Modeling of Multi-link Flexible Robots

be the kinetic energy of the point mass tip payload and the kinetic energy of the

motor, and we have
ot .
Ergi = 5p ) {850} {8ji} dzj,

1 "10%y;.1" [0%y;.

L 7.
Ekp = aMtS?\}SN

1. .2
Ekmj - ifhﬂj
From (2.101), Ej ;,; can be calculated by

R L
Ergi = 5P /0 {850} {8ji} dxj,
—1

1 iy iy T s
=3P / [( Pre) (O Fea) F L0+ T Y ket Zrkt rji| daj;
0 =

Q

k=1 k=1 k=1 k=1
|
- SQIMLQT (2.102)
where Q;; = [01 QT, 62 QF, -+ 0; ¢j2i—1 G2i Gj2it1 Give]” is the generalized
coordinates, with Q;+ = [¢jon—1 @jon ¢j2nt+1 qj,2n+2]T, and M,;; is obtained by

collecting together all the terms corresponding to the degree of freedom of @), ;.
Similarly, for Ej ;,, we have
1 T (-
Eyp = M8} {85}
1., )
= §QNMPQN
The potential energy of the i-th element £, ;; is given by
1 110%s,.17 [9%s,
E, = -FEI A I A
P 2 /0 { &E?z } [ ax?z ] o

1
= éngin,in,i (2.103)
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2.3 Modeling of Multi-link Flexible Robots

where K ; is the stiffness matrix. Similarly, the base displacement and rotation

are zero, i.e. ¢j1 = gj2 =0, 7 =1,2... N. Now, we need to transform the result

of the kinetic energy and the potential energy to a global generalized coordinate

system. Introduce a vector Q € RN +3) a5

Q = [91 1,3 914 Q12042 On gn3z - QN,2n+2]T

= [771 M2 -+ 77N(2n+1)]T

and H;; € RSVN@H) (5 =12 ... N and i =1,2,---,n) is defined as

H;}ec
Hj,=| m,
Hzec
where _ _
H,
erc — o c R5j><N(2n+1)
H,
and ~ _
H,
Hvee — o c RS(N—j)XN(Qn—I—l)
H,
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with

and

and H; is define as

0 ---0
0 ---1
0 ---0
0 ---0
0 ---0

c R5><N(2n+1)

c R3><N(2n+1)

and H; € RPV*CN+D with all the elements are zeros except for hy 1 = hogio =

hg2i—1 = ha2i = hs2i11 = 1. Thus, it is easy to see that

Defining two matrices

and we have

Qj.i

Eyji =

Epji =

= Hj,iQ

T
Hj,iMjﬂ'Hj,i

T
Hj,in:iHjﬂ'

1
2
1
2

-
M Qi
e

j,in,in,i
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and the same procedure are carried out for Ej, and Ej,,;, with

Mp - Hj];f,nMpHN7n
M, 0 o 0
~ 0 Mm2
M, = c REN+Dx(2N+1)
0 MmN
where _ -
I, 0 - 0
0
Mm]: ) j:1727 ’7N7
0
0
Ey, and Ej,,; are given by
1 T ~
Ekp = EQj7iMij7i
1 .
By = §Q§:iMmQ]‘,i

Then, the total kinetic energy Ej and potential energy E, are given by

E, =

N n
> ) Evji+ Ewp+ Eim

i=1 =1
N n

%QT [Z > M+ M, +M,| Q
i=1 =1

SQ"MQ

N n
> By
j=1 i=1

N n

SQ" [Z ZKN»] Q

=1 i=1

o4

(2.110)

(2.111)

(2.112)

(2.113)

(2.114)

(2.115)
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where the symmetric positive definite mass matrix M and the stiffness matrix K
are defined by

N n
M = > 3 M +M,+M, (2.116)

i=1 =1

K = i i K, (2.117)

j=1 i=1
Substituting (2.114) and (2.115) into the Euler-Lafrange’s Equations, we have the

dynamic model
M(Q)Q+C(QQQ+KQ=T (2.118)

where the matrix C = [¢y,], k, 7 =1,2,..., N % (2n + 1) is calculated by

2N+1
1 (Omy;  Omy;  Omy;\ .
= E — — i 2.119
o i—1 2 ( on; " on; M K ( )

in which m;; denote the ijth element of M and 7;’s are the system generalized
coordinates (2.104), and the force vector T = [1 0 72 0... 7y 0]. Further defining

the state vector X = [Q” Q”]7, we can obtain the state-space model of the system,

X = X + T (2.120)

2.4 Summary

In this chapter the foundation is developed for subsequent flexible robot control
system design and analysis. A new property that is essential to controller design is

discovered. Fundamental concepts for modeling flexible links and several methods

95



2.4 Summary

are presented for obtaining approximate mode shapes for beams and beam-like
structures. A detail explanation is given for the extension of the existing methods
to multilink applications. Both AMM and FEM develop dynamic models that are

incorporated into the controller design and simulations in the proceeding chapter.
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Chapter 3

Control Design Based on Singular

Perturbation

3.1 Introduction

Light weight manipulators offer many challenges in comparison with rigid robot
manipulators. Energy consumption is smaller than other types of manipulators, so
that the payload-to-arm weight ratio can be increased as well as faster movements
can be achieved. Because of their characteristics, this class of manipulators are
especially suitable for a number of nonconventional robotic applications. Various
approaches such as linear control [29], optimal control [30], sliding mode control
[31], direct strain feedback control [3], inverse dynamics methods, and energy-based

control [32] have been studied based on a truncated model obtained form either
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3.1 Introduction

the FEM or AMM [1].

Singular perturbation theory has been a convenient tool for reduced order modeling
[59,60]. The two-time scale model of the flexible link robot has been derived in [35].
According to singular perturbation theory [61], the whole system can be modeled as
two reduced order subsystems by decoupling the fast variables and slow variables.
In order to achieve the tracking control of flexible robots, the problem is often
converted into composite control problem: (i) tracking control of the joint motion,
and (ii) suppression of the elastic vibrations of the flexible links. The attractive
feature of this strategy is that the slow control can be designed based on the well-
established control schemes for rigid body manipulators, [25,62,63]. However, all
of these work are based on the exact knowledge about the nonlinear functions or
the bounds of uncertainties. If fact, such a priori knowledge may be difficult to
obtain in practice. To overcome the limitation, the approximation capabilities of
neural networks have been utilized to approximate the nonlinear characteristics of
the systems. The introduction of neural networks can remove the need for tedious
dynamic modeling of the system and the possibility of errors when obtaining the
regression matrix. In recent literature, there are many neural network controls
proposed for robot arm [43-45]. On the other hand, in a series of work [46-48],
the control of the slow subsystem is designed and analyzed based on fuzzy logic

algorithm to treat uncertainty.

However, for fast subsystem the adaptive control problem is open to question. Due
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3.1 Introduction

to the unknown parameters, the design difficulties mainly come from the fact that
the fast state 1, = z; — { are unmeasurable, and only 7, is available for the control
design. In order to avoid this problem, the tracking control for smart material
robot is proposed in [64]. The active vibration control is achieved using smart
material voltage, which turns out to be independent of the unknown dynamics.
In this paper, we shall show a rigorous approach to position tracking control of a
flexible link robot. By investigating the dynamic model, some critical properties
of inertia matrix M are found. Using this properties, a fast subcontrol is designed
based on 71,. In addition, { can be considered as a constant in the boundary
layer [53]. Neural network based adaptive subcontrollers are proposed for the fast
unknown dynamics by updating the estimation of  in the fast feedback loop. The
controllers ensure that the system asymptotically converge to a bounded invariant
set. Furthermore, due to the existence of internal structural damping in a flexible
link in practice, the flexible robot must tend to stop vibrating and finally be static
at the undeformed position. Consequently, the controller approaches cannot hold

at a nonzero constant, which implies the tip regulation is achieved.

The paper is organized as follows. In Section 2, the problems of NN approxima-
tion is briefly introduced. The singular perturbed model of flexible link robot is
presented in Section 3. In Section 4, adaptive NN composite controller design is
presented for the slow unknown dynamics, and an adaptive controllers are designed

for the fast unknown dynamics. Numerical simulations are given in Section 5 to
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3.2 Singular Perturbed Flexible Link Robot

show the effectiveness of the proposed methods.

3.2 Singular Perturbed Flexible Link Robot

Following from Chapter 2, the dynamic equation of the motion for an n DOF

manipulator with up to n flexible links can be written in the following form:

where

1.q=[q" q;ﬂ € R", n = ny +n,, with q, € R™ the vector of the rigid

variables and qy € R"/ the vector of the flexible variables;
2. M(q) € R™™ is the symmetric positive definite inertia matrix;
3. C(q,q)q € R" represents the Coriolis and Centrifugal forces;

4. K = diag[0 ky kg - - - k| is the constant matrix of the flexible link materials

robot, with k; = wip, ¢ = 1,ny;

5. T the vector of joint control torques.

Exploiting the natural time-scale separation between the faster flexible mode dy-
namics and the slower desired rigid mode dynamics, we use singular perturbation

theory to formulate a boundary layer correction that stabilizes non-minimum phase
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3.2 Singular Perturbed Flexible Link Robot

internal dynamics. Dynamic equation (3.1) can be partitioned as

Mrr Mrf QT‘ Hr 0 T
+ + = (3.2)
My, My qy Hy Kyray 0

where

Hr - Crrqr+crqu

Hy Crq, + Crray

It should be noted that M — 2C is skew-symmetric as in the rigid robot case.

Correspondingly, M, — 2C,,. is also skew-symmetric. Since inertia matrix M is

positive definite, its inverse exists and is denoted by D as

Drr Drf
M =D= (3.3)
Dy, Dyy
where
D, = (M, —M,M; M) (3.4)
Dy = —M; M, ;(My; — My MM, ;)™ (3.5)
Dy = —M;}Mfr(l\/[w — MTfM]?}MfT)’l (3.6)
Dy = (Myy—MpM, M, )" (3.7)
Equation (3.1) then becomes
("]T = —DM,HT — Derf - Derqf + Drrll (38)
qr = -DypH, = DHf — DysKqgs +Dyru (3.9)
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3.2 Singular Perturbed Flexible Link Robot

Assume that the orders of magnitude of the k; are comparable. Introducing an

appropriate scale factor k such that
K =kK (3.10)
The following new variables can be defined as
¢ :=kKq; (3.11)
Define €2 := 1/k, equation (3.8) can be modified as

(jr = _Drr<qr7 62C)Hr(qra qr7 62C> 626) - Drf(qra 62<)Hf<qr7 QM EQCa 626)
_Drf(qr> EZC)C + Drr<qr7 62()7_ (312)

¢*¢ = =Dy, (qr, €OH,(ay, A, €¢, €C) — Dys(ar, €O Hs(ar, Ay €2¢, €2C)

—Dys(q,, €¢)¢ + Dy, (qr, €2¢)7 (3.13)

which is a singularly perturbed model of the flexible arm. Notice that all the
quantities on the right side of (3.12) have been conveniently scaled by K. The slow

subsystem is formally obtained by setting ¢ = 0, and solving for . Then, we have
E = D;} <EI7‘7 O){_Dfr((_ha O)HT‘<6]_T7 C.jm 07 0) + Dfr(élra 0)7_—] - Hf(eh“a 0) (314)

where the upbar is used to indicate that the system is considered with € = 0.

Substitute (3.14) into (3.12) with € = 0, we obtain

é_.lr = [Drr((_lm 0) - Drf((_lra O)D;;(QM O)Dfr((_%’a 0)][_Hr((_l7‘> élra 07 O) + 77_] (315)
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3.2 Singular Perturbed Flexible Link Robot

Utilizing the definition of matrix D, yields
D,,(a,0) — Dy 4(a, 0)Dy;(ay, 0)Dyr(qy, 0) = M, () (3.16)

Choosing x; = q,, X9 = q,, and z; = (, 29 = eé’ gives the state-space form of the

system (3.12)

X = X3 (3.17)
Xy = —D,.(x1,621)H, (X1, X2, €21, €2,)
—D, ¢(x1, 6221)Hf(X1, Xo, €221, €Z3)
—D, ¢(x1, z1)z1 + D, (x1, €°21)7
€Z1 = Zo
€z = —Dyp(x, 2z ) H,. (X1, Xo, €221, €25)
—Dys(x4, 62z1)Hf(x1, X, €221, €Z3)

—Dys(xy, €2Z1)Z1 + Dy (xq, 62Z1)T

At this point, singular perturbation theory requires that the slow subsystem and the
fast subsystem be identified. The slow subsystem is formally obtained by setting

¢ = 0, i.e., the rigid model of the arm obtained above through use of ¢ in (3.14):

X, = X (3.18)
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3.2 Singular Perturbed Flexible Link Robot

To derive the fast subsystem, we introduce the fast time scale 7 = t/e. Then it can
be recognized that the system (3.17) in the fast time scale becomes
X] = Xo (3.19)
Xy = =Dy (x1,¢(m + O)H (%1, %a, €% (1 + C), €n2)
=Dy (x1, € (1 + C))H (%1, %2, € (11 + (), np)
—D,f(x1, (1 + () (1 + ) + Do (x1, € (m + Q)7
T =
ez = Dy (x1, € (m + Q)H, (%1, %2, € (m + (), enp)
—Dyp(x1, € (m + C))Hy(x1, X2, € (11 + C), €12)
=Dy (1, € (m + Q) (m + ¢) + Dy (x1, € (1 + Q)7

where the new fast variables 7; and 7y are defined as

m=21—C=2—721, N2=212 (3.20)
Setting e = 0 gives % = dd% = (; i.e., x; and X5 are constant on the boundary layer.

Furthermore, it can be recognized that Hy(xy,x2,0,0) = 0 and H,(x;,%2,0,0) =
0, since, by definition, those terms are representative of products of the components
of x; and x, with the components of €2z; and ez,. Therefore, the fast subsystem
can be found to be
dm
dr

dny
dr

= e (3.21)
= —fo(il,O)U1+Dfr(i1,0)Tf
which is a linear system parameterized in the slow variable X; and 77 =7 — 7.
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3.3 Composite Control for Known System

In this section, we shall investigate the problem of adaptive control for a flexible
robot. As shown in the previous section, using the singular perturbation theory, the
full system can be modeled as two subsystems: fast dynamics and slow dynamics.
Thus, a composite control strategy can be carried out. Singular perturbed model
of the system is derived which allows the controller design be split for two reduced-
order subsystems. The main control objective is to let the rigid motion q, track a
desired trajectory qq and at the same time provide active damping to the flexible
motion of the flexible links. The design of a feedback control of the full system
can be split into two separate designs of feedback controls 7 and 74 for the two

reduced-order systems

T =T(X1,Xa) + 74(X1, 71, 72) (3.22)

with the constraint that us(x;,0,0) = 0 such that uy is inactive along the solution

of 77, which is an equalibrium trajectory of (3.19).

3.3.1 Slow Subcontroller

As far as the slow control is concerned all the well-established control techniques
developed for rigid manipulators can be applied. We generalize the slow subsystem

to strict feedback form as

5(1 = X9 (323)
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xy = Fo(xq,%9) + Go(x1,X2)T

Choose the virtual control o as
a=x%xg—ki(x; —%x4), ki >0.
Consider the Lyapunov candidate
V= %lezl + %zgm

where z; = x; — Xy, 22 = X9 — «. Its derivative is given by

V o= 2l +2l%

= 27 (29 — k121) + 22 (Fa(x1,X2) + Ga(x1,X2)7)

Thus, we can obtain

T = G’Q_l(_FQ(Xl,XQ) —Z1 — ]{?QZQ), ko >0

which gives

V = —k1Z{Z1 — kQZgZQ < 0

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

Since V < 0, it follows from LaSalle-Yoshizawa theorem that the equilibrium z =

[z1 z2)7 = 0 is globally asymptotically stable [65]. Note that 7 and « are both

smooth functions and satisfy 7(0,0) = 0 and «(0,0) = 0. Thus, we can conclude

that z = 0 is globally asymptotically stable, i.e., x; — x4 as t — o0.
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3.3.2 Fast Subcontroller

It might be observed that the strategy of adaptively controlling the system by just
neglecting the flexible dynamics and considering z; and z, as a disturbance to the
system is likely to fail, since no assumption on the boundedness of the disturbance
can be made. Singular perturbation theory requires that the boundary layer system
be uniformly stable along the equalibrium trajectory ¢. This can be accomplished

if the pair

0o I 0
A= , B= (3.29)

—Dy; 0 Dy,

is uniformly stabilizable for any slow trajectory X (t).
The fast state feedback control of the type

Tr(X1,m,m2) = Kpm + Kpane (3.30)

stabilize the boundary (3.21) to 71 = 0 and 7o = 0. The fast subcontroller can
be designed as an optimal control for the boundary layer. The performance index
will be a function of the slow state variables. Since the main purpose in flexible
manipulator control is to damp the deflections at steady state as fast as possible,
the feedback gain matrices can be designed also on the basis that the final joint
configuration, provided that under that particular choice of n; and 7y will go un-
stable along the slow trajectory. In this way the solution of a Riccati equation for
each joint configuration can be avoided. Under the above conditions, Tikhonov’s
theorem, a fundamental result in singular perturbation theory, ensures that the
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state vectors of the full system can be approximated by

x; = % +O0(e) (3.31)
X, = %+ O(c) (3.32)
z1 = G +m+0(e) (3.33)
zo = 12+ O(e) (3.34)

Under the slow control (3.27), x;, x3. The fast control (3.27) will derive ny, 72 to
zero. The goal of following a reference model for the joint variable and stabilizing
the deflections around the equlibrium trajectory, naturally set up by the rigid
system under the slow control, is achieved by an O(e) approximation. This is the

typical result of a singular perturbation approach.

Remark 3.1 When the system model is known, then all the states can be used to

design the fast subsystem. Then the subsystem can be written as

dn
— =An+B .
dr n—+ Tf (3 35)
where z = [z] zZ|T and
0 1 0
A= . B= (3.36)
_fo<(_lr70) 0 Df?“((_:h’vo)

and Ty = T — T, some control strategies such as LQR can be carried out to design

the fast control law Ty.

However, in case of an unknown system model, i.e., the matrix M in (3.1) is
unknown. It is clear from both (3.14) and (3.20), the unknown equalibrium ¢ will
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lead to the unmeasurement of state n,. It is also important to note that ny = % =
‘ZZ—;, in which the unknown ¢ does not appear. Thus, only state zo (12) is expected

to be employed in the design of fast control 7.

3.3.3 Simulation Studies

To illustrate the proposed strategy, a planar single-link flexible manipulator is
considered. The following parameters are set up for the link and a payload is
assumed to be placed at the manipulator tip:

p = 0.1kg/m  (link uniform density)

[ = 1.0m (link length)

m = 0.1kg (link mass)

I, = 3.0kgm*®  (hub inertia)

I, = 0.033kgm? (rigid inertia)

EI = 50Nm? (flexural link rigidity)

The desired trajectory for rigid joint angle is expressed as a Hermite polynomial

of the fifth degree in ¢ with continuous bounded position, velocity and bounded

acceleration. The general expression for the desired position trajectory is:

£ ¢4 3
qa(t,ta) = qo + (G-Ot—5 - 15t_4 + 1O~Ot_3)(CIf — Q) (3.37)
d d d

tq represents the time that the desired arm trajectory reaches the desired final
position ¢y starting from the desired initial position go. In this paper, gy = 0.0,
qr = 1.0 and t4 = 2.0 seconds.
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Figure 3.2: Tip deflections.
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Torque (N)

Time (S)

Figure 3.3: Torque control.

The slow system can be chosen as the linear model following control

T = Mll[dd + kv(qd - qr) + kp(CId - QT)] (338)

where k, and k, are to be selected so as to maintain the time scale separation
between the slow and the fast subsystem. This corresponds to k, = 11.0 and
k, = 10.0. On the other hand, the fast control can be chosen according to the pole
placement technique for linear systems. Consider k,; = (5 3) and ks = (3 5). The

simulation results are shown in Figures 3.1 through 3.3.
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3.4 Control Design for Unknown Single Link System

In this section, we shall investigate the problem of adaptive control for a flexible
robot. As shown in the previous section, using the singular perturbation theory, the
full system can be modeled as two subsystems: fast dynamics and slow dynamics.
Thus, a composite control strategy can be carried out. Singular perturbed model of
the system is derived which allow the controller design be split into two separated
controller design for the two reduced-order subsystems. The main control objective
is to let the rigid motion q, track a desired trajectory qg and at the same time
provide active damping to the flexible motion of the flexible links. The design of
a feedback control for the full system can be split into two separate designs of

feedback controls 7 and 7y for the two reduced-order systems

T =T(X1,X2) + 7¢(X1, 71, 72) (3.39)

with the constraint that 7;(x;,0,0) = 0 such that 7y is inactive along the solution

of 77, which is an equalibrium trajectory of (3.19).

3.4.1 Neural Network Structure

Neural networks (NN) have been widely used in modeling and control of nonlinear
systems because of their proficiency in nonlinear function approximation, learning
and fault tolerance. The feasibility of applying NNs to dynamic system control

has been demonstrated in many studies [66-69]. In control engineering, a NN
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is usually used to generate input/output maps using the property that a multi-
layer NN can approximate any function, under mild assumptions, with any desired
accuracy. There are two distinct problems in function approximation, namely, the
representation problem of choosing the best approximating function f (1, x) and the

learning problem of finding the training method to obtain the optimal parameters
V.

The adaptive NN portion of the proposed controller utilizes controller parame-
terization techniques coupled with methods of direct adaptive control. Thus, the
architecture of the NNs has to be chosen such that it can be linearly parameter-

ized (representation problem) and direct adaptive laws can be used to update the

parameters of the networks on-line (learning problem,).

It has been demonstrated in [70] that a linear superposition of Gaussian RBFs
results in an optimal mean square approximation to an unknown function which
is infinitely differentiable and whose values are specified at a finite set of points in
R™. Furthermore, it has been proven [71] that any continuous function, not nec-
essarily infinitely smooth, can be uniformly approximated by a linear combination

of Gaussian RBF's.

The RBF network is most suitable for this application. The Gaussian RBF neural
network is a particular network architecture [71] utilizing & numbers of Gaussian
radial basis functions (activation functions), a;(¢), with input variables ¢ € R",

2

variance 02 € R and the centers vector ¢ = (ci,...,c,)T € R". For any given
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function, y = f(q), it is known that it can be approximated by the Gaussian RBF

neural network expressed as

y = Wla(q)+e (3.40)

la —cl”
) =

ai(q) = eal:p(—T (q—c)'(q— c)>

- (3.41)

exp(—

where W' = [w;;], a = [a3 aa ... ax]T and y € R" and € is the NN reconstruction

error.

Let Iy be the set of integers, and W,;, X;;(q) € R, n;; € Ip, i = 1,...,n, j =
1,...,k. The product WZ;XZ] can be taken as a network emulator for the jth
element, d;;(q), of matrix D(q) € R™*, with W;; and X;;(q) the weight and basis

function vectors respectively. Define W; and W7 as

Wil
Wio
W, = cR™, W!=[W, WL . W],

Wi

in the conventional way for comparison, where m; = >_ =1 ij. Now, let us intro-

duce the definition of GL vectors and matrices, denoted by {*} [68]. A GL row

vector {W,} and its transpose {W;}T are defined as:

(W} ={Wy Wy ... Wb, (W} ={W] W, .. W}
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The definition for GL matrices is accordingly defined as below

\

(

{Wl} Wll

N\

{Wn} Wnl

The transpose of a GL matrix is defined as

{wy’

(

T T
Wl . WT

T T
| Wi W

Wi

(3.42)

It can be seen that the transpose of a GL matrix also transposes its elementary

vectors locally. Should any confusion arise in the text, [] is used to denote an

ordinary matrix, and {*} for a GL matrix explicitly.

K7

The corresponding GL operator, denoted by “e” is defined as below:

Dy(q) = |[{W} e {X(q)}| =

WXy WXy,

ng an WZQXM

WlTkXUc

ngXnk

c Rnxk

Therefore, a matrix network emulator can be conveniently expressed as a GL prod-

uct of two GL matrices as shown above.
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3.4.2 Neural Network Control of Slow Subsystem

Given a desired trajectory g4(t) € »* which is twice differentiable for the slow part

of the flexible link dynamics, the tracking error is

e = qa—Gq (3.43)
G = 4+ Ae (3.44)
r o= ¢,—(q,=¢+ e (3.45)

where A is a symmetric positive definite matrix. The asymptotic behavior of e
and é can be established from that of the new tracking measure r based on the

following lemma.

Lemma 3.1: Let e(t) = h*r, where h = L™'(H(s)) and H(s) is an n X n strictly
proper, exponentially stable transfer function. Then r € L2 = e € L2 N L%,
¢ € L?

n’

e is continuous and e — 0 as t — oo. If, in addition, r — 0 as t — oo,

then é — 0 [72].

The slow subsystem (3.15) can be modified into a standard form as

DTT(@'I‘).q;r + Cfrr((j'm (‘jr)(.jr =T (346)

It can be seen that d;;(g,) and g¢;(g.) are functions of ¢. only and infinite differen-
tiable, thus static NNs are sufficient to emulate the D,,.(g.) matrix. On the other
hand, ¢;;(q, ¢,) are function of g, and ¢,, and infinitely differentiable, thus dynamic
NNs are needed to emulate the C,,(q,,q,) matrix. Suppose d;;(q.) and ¢;;(q, g,
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can be approximated as

dij(@) = ¥}5&;(@) + eDy (3.47)

where 1;;, a;; are the weight vectors; &;(g), wij(q-, q,) are Gaussian RBFs; and

eD;;, €C;; are the NN reconstruction errors respectively.

Using the notation for“Gl” matrix and operator, the function emulators (3.47)-

(3.48) can be collectively expressed as

D..(3) = [{¥} ¢{E}+Ep (3.49)

Cr(@. @) = [{A} o{Q}]+Ec (3.50)

where ([{¥},{E}) and ([{A}, {Q}) are the desired parameters and basis function
pairs of the NN emulation of D,,(g,) and C,,(q, g,) respectively; and Ep and E¢

are the collective NN reconstruction errors.

Let (%) be the estimate of (*) and the estimation error given as (%) = (x)—(%). Sup-
pose ]ADM((jT) and CTT(QT, q,) are estimates of D,,(q,) and C,,(q,,q,) respectively,

defined by

D, (3) = [{¥}" e{E}]+Ep (3.51)

A

Crr(4,) = [{A} o {Q}] +Ec (3.52)

From Equation (3.45), ¢, = ¢, — r and ¢, — 7, thus

D, (G)Gr + Cor(@r, 4,)3 = [P} o {EHd + [{A} o {Q}¢  (3.53)
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+E - DT"I‘((:?T’) - Crr(@rv gT)T

where E = Epg, + Ecqg,. To control the slow subsystem, consider the general

controller of the form

~ ~

7 = Duw(3)q + Crr(@r, q.) 4o + Kyr + Kisgn(r) (3.54)

= [T} o ()]G, + [{A}" o {2}d, + K, + Kisgn(r)

where K, and K > ||E|| for robust closed-loop stability. Substituting (3.53) into

(3.54) yields the error equation

Dy (G:) + Crre (G, 4)r + Kpr + Kosgn(r)
(3.55)
= [{¥}" o {E}]q, + {A}" o {Q}]G, + E
The stability properties of the closed loop system (3.55) are stated in the following

proposition.

Proposition 3.1: For a closed-loop system given in (8.55), asymptotic stability,
i.e., r — 0 as t — oo, is achieved if K, > 0, Ky > ||E|| and the parameter

adaptation laws are given by

?Zi = I e {&}Gr (3.56)

A

o; = Wio{wi}qvm

where I'; and W; are dimensional compatible symmetric positive definite matrices,
then ; and &; € L®; and e € L2NL>; ée L2, e is continuous and e, ¢ — 0 as

n’

t — 0o. Proof: Omitting the arguments again for brevity, choose the non-negative
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function V as

2V =r"'D,,r + Z DIT ) + Z a; Wid (3.57)
i=1 i=1

Its time derivative along (3.55) is
V =r"[D,i + C,r] + Z JITi), + Z a; Wi (3.58)
i=1 i=1
which exploits the slow-symmetric property of Err — 2C,,. Substituting the error
equation (3.55) into (3.58), we obtain
V = ="K, +rTE — r"Ksgn(r) (3.59)
PO} o {Z}dy + " {A}Y o {0} do
L3I+ 30T,
i=1 i=1
By noting that
TV e EN i~ ST e (6 (3.0
i=1

Ny

PT{AY o {0, = D {ai}" e {witdurs

=1

Equation (3.58) becomes
V = —TKy +rTE - r"K sgn(r) (3.61)
PSS o (& + S (a0T e b
i=1 i=1
+ ”Z JTT s + "Z &} Widi
i=1 i=1
Since 1; and «; are bounded constants which implies that @Z)Z = —17@, Q= —ay;
and substituting the adaptation laws into (3.61) yields

V= —rTKyr + 17" E —r"Ksgn(r) < —r"K,r (3.62)
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when K > ||F||. Hence, V is a Lyapunov function and

t
Amin (Ky) / =4 rirdr < / rTK,rdr < V(0) (3.63)
0

Since V(0) and A (K,) are positive constants, it follows that r € L2 . Conse-
quently from Lemma 3.4.2, e € LZT N Ly°; e is continuous and e — 0 as t — o0;

and ¢ € L? . Since VvV < —rTK,r < 0, it follows that 0 < V < V(0), Vt > 0.

Hence, V (t) € L™ implies that fg rdr, ; and &; € L™

© ie., ¢; and &; € L2. By
noting that 7 € L2 ; Gra, Gras Gra € L0 and {Z}, {Q} are bounded basis functions,

it can be concluded from (3.55) that é € L°

n

which implies that r is uniformly
continuous. Finally, the proof is complete using the implication: r is uniformly

continuous and r € L2
=r—0ast—o00o=¢e¢—0 U
3.4.3 Stabilizing the Fast Subsystem

The fast subsystem must be uniformly stable along the equilibrium trajectory (.

Following from Section 3.2, the subsystem can be written as

dry
N B .64
dr n—+ Ty (3 6 )
where n = [nT nl]" and
0 I 0
A. - s B =
_fo(QM 0) 0 Dfr(@m 0)



3.4 Control Design for Unknown Single Link System

with Dy, and Dy defined in equations (3.6) and (3.7), respectively. It is easy to
verify that Dy is a positive definite matrix according to its definition. As for Dy,,

let us rewrite it here

Dy = —M My (M, — MM My,)™! (3.65)

_ —1
- _Mff Mf’I‘DTT

Property 3.1: Following Property 2.1, For all positive 3;, m; will be positive. It
should be also noted that MJZ; = dz'ag[l—l), s ,—1)] € R and D,, > 0, which lead

to that the items of Dy,, df, <0, i=1,2,...,ny.

As has been stated in Remark 3.1, only 7, is available for the fast controller design,
due to the unmeasurement of . In this Subsection, we will present three methods
for the fast controller design. In the first part, only 7, are used for the controller
design of the fast subsystem. In the second and third part, a neural network based

controls are presented, respectively, by estimating the unknown equilibrium (.

1. Based Design

For the fast subsystem (3.64), consider the general form of controller 7;

121

122
Tr=[c1c0 - (3.66)

on
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where ¢;, 1 = 1,2...,n are controller parameters. The stability of the closed loop

system are stated in the following proposition.

Proposition 3.2: The solution of the system (3.64) with controller (3.66) ap-

proaches a bounded invariant set M as t goes to 0o, if ¢; < 0,1 =1,2...,n.

Proof: Consider the non-negative scalar function V' as

1 1
Vo= Sm Dy + 5y (3.67)

Computing the time derivative of the above equation, yields

av

. m Dysna — 13 Dysmy + n3 D7y (3.68)

= 1, Dyry

where Dy, € R™! is a unknown vector, 7; is a scalar. Substituting the fast

controller (3.66) gives

d}'r 21

dV d?cr 122

i 121 M2+ T2al [c1ca oo el (3.69)
d;‘Lr T2n

= Anp
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where ~ _
dp.c1 dj.cy oo dycy
d%c, dicy -+ d3c
frol Spet2 frem
A — r " " (3.70)
dy.cr djca - dfcp

It is easy to find that Rank(A) =1 thus A can be modified as

A0 - 0
O o0 --- 0
A =PT P (3.71)
S
O 0 --- 0

where A is the only nonzero eigenvalue, P is a square matrix consisting of eigen-

vectors. Thus, the characteristic equation of A is

A—djcr —djcy oo —djcy
—d%c AN—d3cy -0 —d3c
d d d — NNl =0  (3.72)
—d}.c1 d.co -0 A=dfcp

where p = Y7 | ¢;dY,.

Follow from Property 3.1, we know d}r < 0, it is clear that for all ¢; > 0, i =
1,2...,n, A = p < 0, and A is a negative semi-definite matrix. We can readily
obtain that

2 <0 (3.73)
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it follows from LaSalle’s theorem [73], the solution of the closed loop system will

converge to a bounded invariant set M. O

Model Free Adaptive Control Design

In time scale 7, ¢ can be a unknown constant. Such that, we are able to design
an adaptive controller for the fast subsystem with an update law in fast feedback

loop. To control the fast subsystem, consider the general controller of the form
Ty = _Clﬁl — 02772 (374)
where 7); is the estimate of 7y, ¢{ > 0, ¢, > 0, C; € R™™ and C, € R,

Property 3.2: Note that

m =z —¢, (3.75)

where z, can be measurable, while ¢ cannot due to the system uncertainty. Since C
18 slow time-varying vartable, in the boundary layer system it can be approrimated

as a constant parameter. If the estimate of 1 is denoted by 1,, then
h =z — 5‘, (3.76)
where E is the estimate of C. It is also easy to see that
it = C. (3.77)

From the proof of Proposition 3.2, we know that it is easy to choose C; which
provides D, Cy € R"*"f be a negative semi definite matrix. Substituting (3.74)
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into (3.55) yields the closed loop system

dm
dr
dns
dr

= 2 (3.78)
= —Dym + Dy (Ciiy + Canp)

The stability of the closed-loop system are stated in the following proposition.

Proposition 3.3: The closed-loop system given in (3.78) is asymptotically ap-
proaches a bounded invariant set M as t goes to oo, if Ky > ||CiEl||, and the

parameter adaptation laws are given by

~

@ d(zl - C)

— >/ T 3.79
dr dr " ( )
Proof: Let us rewrite the fast subsystem as
dm
DL — 3.80
dr 2 ( )
dns
— = -D Dy,
Ir rrm+ DTy

As has been proved in Proposition 3.2, all the items in Dy, are positive definite.

Consider the non-negative scalar function V' as

1 ]_ 1:T =
V= 5771T(fo - Dfrcl)ﬁl + 57]2T772 + 5( (—Dfrcl)F IC (3-81)

Computing the time derivative of V', it becomes

av
dr

dn
= n (Dyy — Dfrcl)d—Tl + 15

= 15 (=Dypm — Dy, Ciiy — Dy, Can)

dny =T 71dé
— -D = .82
L (Dpogrt e @)

~T dA

+n{ (Dys — D Cr)na + € (—Dfrcl)F_ld—f_
. T - T ~T B _1&
= 1y DsCijy =0y D4 Comp + ¢ (=D, Cy I (¢
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Noting that 7; = ¢ , (3.82) can be modified as

dVv ~ ~T _ dé
-5V = ng(Dfrcl)C - nngrCQTD + C (_Dfrcl>r 1= (383)
dr dr
Substituting (3.79) into (3.83), we have
av
-

Following from proof of Proposition 3.2, we know that ¢, > 0, 7 = 1,2,...n guar-
antee that Cfi—‘T/ <0, i.e., the fast system will converge to an invariant set M asymp-

totically. [

Neural Network Based Adaptive Control Design

As discussed in Section 3.4.2, a dynamic neural network is used to emulate the
inertia matrix D and Coriolis matrix C. In this section, we use a neural network
to estimate the unknown constant (. Following from Remark 3.1, the control design
cannot be carried out by using the states 1;. The estimates of ( is obtained by

replacing the true GL weight vectors {W} by its estimates {W}, i.e.

C=[{W}" o {=)] (3.85)
then,

C=[{W e (B} +E (3.86)
where E € R"™! is the collective NN reconstruction errors. Let (¥) = (%) — (). To
control the fast subsystem, consider the general controller of the form

7p = —Cuij — Camg — K,sgn(n2) (3.87)
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where ¢} > 0, ¢, > 0, C; € R and Cy € R™", and K, > ||C,E|| for robust

closed-loop stability. Substituting (3.87) into (3.55) yields the closed loop system

drmy
dr
dm
dr

— (3.88)

= =Dy — Dy, [Ciijn + Cana + Kgsgn(ng)]
The stability of the closed-loop system are stated in the following proposition.

Proposition 3.4: The closed-loop system given in (3.88) is asymptotically ap-
proaches a bounded invariant set M as t goes to oo, if Ky > ||C.El||, and the

parameter adaptation laws is given by

AW
= = —T¢; o {&} Z (3.89)

Proof: Let us rewrite the fast subsystem as

dm
dr
dns
dr

= (3.90)

= —Dyym + Dy,7y

As has been proved in Proposition 3.2, all the items in Dy, are positive definite.

Consider the non-negative scalar function V' as

1
V= 5771T(fo — D Co)m +

1 1 = -
5772T772 t3 > WH(-DnCOIG'We  (3.91)
=1

Computing the time derivative of V', it becomes

dv T d771
— = y'(D;;-D
e m (Dyy frcl)d

= 1 (—Dysm — Dy, Ciiy — Dy, Cony — Dy Ksgn(n))

rd dW
772+ZW (~Dj, Cor (3.92)
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"L AW
n (Dss—DpCone + Y WE(=DCy )T dTC

=1

= ;D Ciiy — Dy Comp + Y WEH(=Dp, CI

i=1

dW

- 7Dy, K sgn(n)

Noting that 7; = E’ = {W T e {E}] — E, (3.92) can be modified as

dV
- = s (D, CO{{W} o {Ec}] — E} — 13 Dy, Corp (3.93)
L dW
+ Z W (=D, C )ngl o s Dy Ksgn(ng)
= 15 (D, C)[{Wc} o {Ec}] — 13 (D, C)E — 173 D Cony
. AWy
+ ; WZ’;(_Dfrcl)ngl dTC b DersSgn<772>
Noting that
m (DpCH{W T o {Ec}] = Z{Wcz}T o {&} Z Z (3.94)
k=1
and substituting (3.89) into (3.93), we have
dv
i —13 D, CiE — 13 Dy, Con — 15 Dy Ksgn(nz) < =13 Dy, Com,  (3.95)

when K > ||C,E||. Following from proof of Proposition 3.2, we know if ¢j > 0,
1=1,2,...n, then 4V <0, i.e., the fast system will converge to an invariant set

M asymptotically. [

Note that only the closed-loop stability is claimed in Propositions 3.2-3.4. To prove
the asymptotic stability is difficult due to the infinite dimensionality of the system.
This means the robot may stop before reaching the final position and thus the
regulation will fail. However, we shall show in the following that practically the
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flexible robot can only possibly stop at the final position q¢ = 0 without vibrating.
Consider the general form controller (3.66). Assume that it stops at a position
q, = « (hence g, = 0) with a0, thus there is no energy input to the system since
q- = 0. Due to the existence of internal structural damping in a flexible link in
practice, the flexible robot must tend to stop vibrating and finally be static at the
undeformed position. Consequently, the controller in (3.66) approaches a nonzero
constant and thus q,, = a cannot hold. The only possibility is that the flexible link
is at the final position q,=0 without vibrating, which implies the tip regulation is

achieved.

Although the explanation of the practical asymptotic behaviour of the system above
is reasonable, it cannot be taken as a rigorous mathematical proof. Indeed, for any
damped traditional truncated-model obtained by either AMM or FEM (the effect
of internal structural damping has been modeled as a positive definite damping
matrix), the controller can be easily shown to be asymptotically stable using the
LaSalle’s Theorem, since the system in this case has been reduced to a finite di-

mensional one.

3.4.4 Simulation Studies

To verify the effectiveness of the proposed method, numerical simulations are car-

ried out for a single-link flexible materials robot operating in the horizontal plane.

89



3.4 Control Design for Unknown Single Link System

The flexible link robot is simulated using a 2 modes dynamic model with the fol-
lowing parameters. A fourth-order Runge-Kutta program with adaptive-step-size

is used to numerically solve the ODEs [68]. The sampling interval is set to 0.001s.

p = 0.1kg/m  (link uniform density)
[ = 1.0m (link length)

m = 0.1kg (link mass)

I, = 3.0kgm?  (hub inertia)

I, = 0.033kgm? (rigid inertia)

EI = 5.0Nm? (flexural link rigidity)

The desired trajectory for the rigid joint angle is expressed as a Hermite polynomial
of the fifth degree in ¢ with continuous bounded position, velocity and bounded

acceleration. The general expression for the desired position trajectory is:

£ t 3
qd(t, td) =qo + <60t_5 - 15t_4 + 100t—3)(qf - QQ> (396)
d d d

tq represents the time that the desired arm trajectory reaches the desired final
position ¢y starting from the desired initial position go. In this paper, gy = 0.0,

qr = 1.0 and t4 = 2.0 seconds.

Figures 3.4-3.6 shows the simulation result without estimating ¢, and Figures 3.7-
3.10 show the result of the design by estimating ¢. Figures 3.4 and 3.7 present
the joint angle trajectory under control (3.66) and (3.74), respectively. It can be
seen that the controller with estimating ¢ gives better performance whereas 7,
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based control made the joint angle oscillate about the desired trajectory. From
Figures 3.5 and 3.8, It indicates that tip deflections of flexible robot under control
(3.74) converge faster than those under (3.66). For completeness and clarity in
presentation, other signals in the closed-loop are included. Figures 3.6 and 3.10
show the bounded joint control torque signals under both controllers, while Figure

3.9 shows the estimation of (.

1.2
1k
0.8 i
Bo.6f / E
Q
=l |
3 [
© !
50.41 -
k]
0.2 Solid: q, T
j Dotted: Ay
O -
-0.2 L I
0 5 10 15

Time (s)

Figure 3.4: Joint angle trajectory.

The most important trajectories are those of tip position. The tip is required
to track the desired trajectory fast with small residual vibration to improve the
positioning accuracy. Under the assumption of small deflection, the tip position of

the robot can be approximated by

pe = LO(t) + y(L,t) (3.97)
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3.5 Summary

where p; is the tip position, y(L,t) is the tip deflection of the flexible robot and
the angular position should be represented in radians instead of degrees. The tip

positions under different controllers are depicted in Figure 3.11.

In fact, different tracking performance can be achieved by adjusting parameter
adaptation gains and other factors, such as the size of the networks. Because
neural networks are used to approximate system’s functions, the requirements on

the initial knowledge of the system is greatly reduced.

3.5 Summary

Since 7, is unmeasurable, the adaptive control for unknown flexible robot remains
open. In this chapter, an adaptive neural network control problem for flexible link
robot is studied based on the singular perturbation theory. By using the critical
properties of M, a controller for fast subsystem is proposed. It is proven that the
fast controller can guarantee the boundedness of flexible part, and stabilize the
state at the origin by its internal structure damping. Then an adaptive neural
network controller is developed to control the slow system. By using the composite
controller combining the slow and fast controller, it seems that the fast variables
are asymptotically stable, while adaptive trackings are achieved for slow variables.
Simulations have been carried out to illustrate the performance of the controller

designed by the proposed methods.
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Figure 3.6: Torque control.
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Figure 3.8: Tip deflections.
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Figure 3.10: Control action.
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Chapter 4

Force/Position Control of Flexible

Link Robots

The problem of controlling force and position of a multi-link flexible link manipu-
lator with constraint is studied in this chapter. The control for a known parameter
multilink system in contact with environment are considered. The model has been
developed in Section 2.2. Using singular perturbation theory, a slow subsystem
associated with rigid dynamics and a fast subsystem associated with flexible dy-
namics are identified. Consequently, a composite control strategy is applied. It
consists of a force and position control for the slow subsystem and a stabilizing
control for the fast subsystem. Simulations are presented for a two-link manipula-

tor to demonstrate the performance of the proposed controller.
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4.1 Introduction

4.1 Introduction

The tasks of industrial robots may be divided into two categories. The first is the
so-called free motion task, and the second category, however, involves interactions
between the robot end-effector and the environment. Many robot applications in
manufacturing involve some kind of contact between the end-effector and the envi-
ronment, as the robot moves along a prescribed trajectory. Therefore, constrained
robots have become a useful mathematical method to model the physical and dy-
namic effects of a robot when it is engaged in one of the contact tasks. Unlike
free motion control, where the only control objective is trajectory tracking or set-
point regulation, the control of a constrained robot has an additional difficulty in

controlling the constrained force.

In the case of interaction with the environment, it is required to consider both
force control and position control. While several control methods exist for the
rigid robot manipulators, only few works addressed on flexible link robot. A hy-
brid position and force control approach is proposed in [18,49,50]. A nonlinear
decoupling method is considered in [51], and the application of computed-torque
controller for constrained robots is carried out in [52]. Adaptive control dealing
with parameter uncertainties are proposed in [74, 75|, while the same problem is
solved by using sliding mode control [76,77]. All the existing methods depend on

the exact cancellation of the robot dynamics to achieve.
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4.2 Dynamical Model and Properties

On the other hand, when the link stiffness is large, the two-time scale model of
the flexible manipulator can be derived [35], which consists of a slow subsystem for
rigid motion and a fast subsystem for flexible motion. Thus, a composite strategy
can be carried out with the slow control designing for the rigid part and fast control
stabilizing the flexible part. Several papers considered the free motion task based
on singular perturbation theory [18,35,42,64, 78|, but the postion/force control of

constrained flexible link robot remains open.

In this chapter, a two time scale position and force control for flexible manipula-
tors is proposed. A composite control is designed for known parameter multi-link

flexible manipulator system.

The chapter is organized as follows. Section 4.2 reviews the dynamic model of
constrained robots and its properties; A two time scale force and position control
with known parameters is presented in Section 4.3; Section 4.4 contains simulations
to show the effectiveness of the proposed control; and conclusion and summary are

given in Section 4.5.

4.2 Dynamical Model and Properties

Consider the multi-link flexible manipulator, as sketched in Figure 4.1. The rigid
motion is described by the joint angles 6;, while y;(z;) denotes the transversal

deflection of link ¢ at x; with 0 < x; < [;, being [; the link length.
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4.2 Dynamical Model and Properties

Figure 4.1: Two link flexible manipulator.

The finite dimensional model can be obtained by AMM. From Section 2.2, the
direct kinematics equation expressing the position vector p of the manipulator
tip point as a vector q, = [0, -+, 0,]T € R™*! of the joint variable and the vector
ar= @1 QN Qi qan,)t € RV*! of the deflection variable can be written

in the form [22]

p = k(a,qy) (4.1)

where N = >  N;, with N; being the number of modes considered to express
the deflection of link ¢, and ¢(q,, q) is twice continuously differentiable [52]. From

(4.1), the differential kinematics equation expressing the tip velocity p as a function
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4.2 Dynamical Model and Properties

of q, and qy is

d9(ar,qy) and JT — d9(ar,qy)
ar

T __
where Jy = a da;

The above kinematics description is at the basis of the dynamic modeling of the
flexible manipulator using the Lagrange approach that requires computation of

kinetic and potential energy [20,22].

Consider now the situation when the manipulator tip is in contact with a holonomic
and frictionless infinitely stiff surface the constraint imposed by the surface can be

described by the differential scalar function

¢(p) = ¢(k(ar, ar)) = 0, (4.3)

where the direct kinematics equation (4.1) has been used to express the constraint
in terms of joint and deflection variable. Also, it is assumed that the manipulator
tip is always in contact with the surface. In static situation, the deflection can be

shown to satisfy the equation
far = Kyrap = Jg (dro ) Jo (4.4)
where Ky is the link stiffness matrix
K= diag(kis, - king > knty e ko) (4.5)

with k; ; defining in (2.56). Also in (4.4), Jg is the Jacobian appearing in (4.2), J,
is the gradient of the constraint space with respect to the two coordinates of the
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4.2 Dynamical Model and Properties

manipulator position, i.e.
96\
J, = == 4.6
’ <3p> 0
and A € R™ is a generalized Lagrangian multiplier relating to the magnitude of

the constraint force [52]. Constraint force, fq,, can then be expressed by

foo = Jo(aq,, qp)r € R™" (4.7)

fa = Jo,(arap)r € RV, (4.8)

where Jq, = J Jy, Joq, = I} o and m is the dimension of the constraint surface

and it is assumed that m < n.

By the virtual work principle, the vector f of the force exerted by the manipulator
on the environment performing work on p has to be related to the (N x 1) vector
J& X of joint torques performing work on q, and the (n x 1) vector J ,dy of the

elastic reaction force performing work on qy.

A finite-dimensional Lagrangian dynamic model of the planar manipulator in con-
tact with the environment can then be obtained in terms of the N + n generalized

coordinates q,, qy in the form [22,28]:

M, M,y | | & H, 0 T JE A
+ + = + (4.9)
My, My || 4y Hy Kyray 0 JaA
where

Hr = Crrqr+crqu
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4.2 Dynamical Model and Properties

Hy = Cpq, +Crray

and M,,, My,, M,;, My, are the blocks of the inertia matrix M, which is sym-
metric and positive definite, C,,, Cy,, C,s, Cy; represents the components of the
vector of Coriolis and centrifugal forces, Ky is the diagonal and positive definite

link stiffness matrix, and 7 is the vector if the input joint torques.

Due to the m-dimension constraint, m degrees of freedom of the robot are lost.

Partitioning the link position vector q to q' € R*"*¥~™ and q* € R™, we have
a=[q" q”]" (4.10)
and accordingly, the Jacobian J(q) is decomposed as

J(q) = [Ji(q) Ja(q)] (4.11)

with

Jl(q> _ 8;(2(11) eRm><(n+me)
99(q)

e Rme
09>

Ja(q)

As stated in [79], it is possible to have a partition such that J,'(q) and

In+N—m><n+N—m
q=L(q)q", L(q) = (4.12)
—Jy ' (a)Ji(q)

where I is an identity matrix.

With the partition of the link position vector in equation (4.10), the position of
the robot can be uniquely determined by q'. The original dynamical model in
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4.2 Dynamical Model and Properties

equations (4.9) is transformed to

Mg, +Hyq, = 7+ J2A (4.13)

Mid; + Hyqp + Kppqp = 7+ Jg A (4.14)
where

M'(q) = M(q)L(q) € R*V*™

Cl'(a,q) = M(a)L(a)+ C(q,g)L(q) € RV
Define My(q) = L (q)M*(q) € R™™, Ci(q,q) = L*(q)C'(q,q) € R™*™. It can
be proven that the dynamic models (4.13) and 4.14 have the following properties.
Property 4.1 L7 (q)J"(q) = 0.

Property 4.2 M, C, M', C', M;, C;, L(q), L(q), and J(q) are uniformly
bounded and continuous if q and q are uniformly bounded and continuous;

M and M, are symmetric positive definite (s.p.d).

Property 4.3 M(q) — 2C(q, q) and M;(q) — 2C;(q, q) are skew-symmetric
if C(q,q) is in the Christoffel form, ie., x7(M(q) — 2C(q, 4))x; = 0,

Xg(Ml(q) — 2Cl(q, Q))Xg =0, Vx; € R" and x; € R"™™.

For the controller design, the following assumptions are made for these terms:

Assumption 4.1 q,(t), q,(t), qr(t), ar(t) and A(¢) are all measurable.
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4.3 Two-time Scale Control

Assumption 4.2 The desired link position (q,4(t)) and the constraint force (Ay(t))

and their derivatives are bounded and continuously differentiable.

4.3 Two-time Scale Control

When the link stiffness is large, it is reasonable to expect that the dynamics related
to link flexibility is much faster than the dynamics associated with the rigid motion
of the manipulator so that the system naturally exhibits a two-time scale dynamic
behaviour in terms of rigid and flexible variables. this feature can be conveniently

exploited for control design. For convenience, define D as

D=M"'= (4.15)
Dy Dyy
where
D, = (M, —M,M;M,)"! (4.16)
Dy = =M, MMy — MM M) (4.17)
Dfr = _M;fler(Mrr - MrfM;;MfT)_l (418)
Dy = (Mg — MMM, ;)™ (4.19)

If Assumption 4.1 hold, the vector of joint torques can be conveniently chosen as

T=JgA+1u (4.20)
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4.3 Two-time Scale Control

in order to cancel out the effects of the static torques acting on the rigid part of

the manipulator dynamics, where the vector u is a new control input.

System (4.9) then becomes

(lr == _Drr(qra qf)Hr<qr7 q?‘v qy, qf) - Drf(qra qf>Hf(q7”a qr7 qy, qf)
—D,(ar, a7)(Kyray — Jg, A) + Dpplar, qp)u - (4.21)

dr = —Dy.(a,,ar)H.(ar, 4r,d5,47) — Dys(ar, ap)Hye(ar, 4, qy, 4y)

~Dyy(ar ap)(Kyray — Jg,A) + Dyar,ap)u (4.22)

The time scale separation between the slow and fast dynamics can be determined
by defining the singular perturbation parameter €. Assume that the orders of
magnitude of the k;; in (4.5) are comparable. Introducing an appropriate scale
factor k such that

K ;= kK;; (4.23)

The following new variables can be defined as

¢ = kKjsay (4.24)

Define ¢ := 1/k, equation (4.21) can be modified as

qr = _DTT'(qT7 €2€)HT(qT7 qT? €2C7 €2<) - DT’f(qT'a E2C)Hf<q7“7 q7’7 €2<7 626)
—D,(ar, €0)(¢ = Jg,A) + Dyp(ay, ¥¢)u (4.25)

¢*¢ = —Dy,(qr, €OH(ay, A, €¢, €C) — Dys(ar, €O)Hf(ar, Ay €2¢, €2C)

~Dys(ar, €)(¢ = T4 A) + Dyr(ay, €¢)u (4.26)
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4.3 Two-time Scale Control

The system is now decomposed in a slow and a fast subsystems by using singular
perturbation theory. This leads to a composite control strategy for the null system

based on separate control designs for the two reduced order subsystems.

Formally, setting e = 0 and solving for ¢ in (4.26), we obtain

¢ = _D;}(qr’o)[Dﬂ"(qrﬂO>Hr(qr7élr70>+fo<q“O>Hf(qr7élr70) (427)

+D; (@, 0)Jg, A + Dy (Gr, 0)uy]

where the overbars are used to indicate that the system with ¢ = 0. The state
variable ¢ corresponds to a static elastic deformation for the slow time scale.
Substituting Eq. (4.27) into Eq. (4.25) with ¢ = 0 and using the relations
M, = (D, — D, fDJ?}}D )1, yields the slow subsystem which is equivalent to

the dynamic equation of the rigid manipulators [18].

Mrr(ﬁw 0)Q7‘ + Hr(‘im aTJ O) = uS (428)

Let us define
X1 =y, X2 =0y, 21 = €(, 2y = €2¢ (4.29)
The full system (4.25) and (4.26) can be rewritten as
Xl = X (430)

%Xy = —D,.(x1,¢2)H, (X1, X0, €271, €25) — D, p(x1, €21 ) H (X1, X9, €71, €Z5)

—Drf(Xl, €2Z1)Z1 + DTT(Xl; €2Z1)u 4+ fo(q,«, O)Jng
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4.3 Two-time Scale Control

Zl = Z9 (431)
€9 = —DfT(Xl,€2Z1)HT(X1,X2,62Z1,€Z2>—fo(Xl,€2Z1)Hf(X1,X2,€2Z1,6Z2)

_fo<X17 €2Z1)Zl + DfT(Xl, 6221)11 + fo((ir, 0)J§f)\

To derive the fast subsystem, we introduce the fast time scale 7 = t/e, and the new
variables
m =z — ¢, N2 = Z2, Uy = U — Ug (4.32)

Using equations (4.32) and (4.30), the joint angles can be represented as

dx

d—Tl = Xy (4.33)
d _

% = —eD,,H, —eD,jH; — GDrf(n +¢) +eDyu+ Gfojgf)\

From equation (4.33) we can find that e — 0 = % =0, % = 0 = x; = constant,

X9 = constant and the slow variable x; and x, are constant in the fast subsystem.
Using (4.27) (4.31) and (4.32)gives the fast subsystem

dm
dr
dns
dr

= e (4.34)

= —Dys(X1)m + Dy (X1)uy.

4.3.1 Slow Control

In order to design the slow control for the rigid nonlinear system (4.28), we derive
the slow dynamics with respect to the tip position. Differentiating Eq. (4.2), which

contains the tip velocity, it gives the tip acceleration

P = Jo, b + Jo, G5 + Jq b + Jq, 4. (4.35)
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4.3 Two-time Scale Control

Thus, the corresponding slow subsystem is

By = Jo, M} (u, — H,) + Jo 4 (4.36)

The slow dynamic models (4.28) and (4.35) enjoy the same properties of the rigid
dynamic model [23], hence the control strategies developed for rigid link can be
adopted here. For the tracking of a time varying position p, on the contact plane,
an inverse dynamics parallel control scheme can be adopted for the slow system [24].

Then, we have the following theorem.

Theorem 4.1: The quasi-steady-state dynamic system (4.30) is exponentially sta-

ble given the following slow-time scale control law:

u, = M, Jq

T

(a4, — h) + H, (4.37)

where
as = pr + kd(pr - ps) + kp(l)r - ps) (438)

with P, = Paq + Pe 1S the desired position, and p. is the solution of the differential
equation

koDe + kuDe = Mg — As (4.39)
being ky, kq, ky,, and k, > 0 suitable feedback gains.

Proof: Substituting (4.37) with (4.38) into (4.36), it gives
ps - pr + kd(pfr - ps) + kp(pr - ps) (440)
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4.3 Two-time Scale Control

Define e = p,, — ps, we have

é + kaé + kye = 0 (4.41)

Since pa: = Py, Where #; is the projection of % on vector ¢ (Figure 4.2), it can be
found that

ét + kdét + kpet = 0 (442)

which implies that the tracking of the tip position to desired value p, at the pro-

jection along the surface is achieved, for any choice of k4 and £, > 0.

On the other hand, a better insight into the behavior of the system during the
interaction can be achieve by considering a model of the compliant environment.
To this purpose, a planar surface of regular, which is locally a good approximation
to surfaces of regular curvature (Figure 4.2), and the model of the contact force is
given by

A = kenn” (p — p,) (4.43)

where p, represents the position of any point on the underformed plane and k., > 0
is the contact stiffness coefficient. For the purpose of this work, it is assumed that
the same equation can be established in terms of the slow variables. Such a model
shows that the contact force is normal to the plane, and thus a null force error
can be obtained only if the desired force A\; is aligned with n. In addition, null
position errors can be obtained only on the contact plane while the component of

the position along n has to accommodate the force requirement specified by A\ [27].
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4.3 Two-time Scale Control

Figure 4.2: Scheme of contact plane and equilibrium position.

Projecting (4.39) along n gives

kaijc,n + kvpc,n = 6)\n (444)

assuming that the component of p, is along vector n is constant, we project ps and

ps on the normal to the contact plane gives

pe,n = pc,n (445)

I“)e,n = pc,n (446)

where *,, is the projection of % on vector n.
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4.3 Two-time Scale Control

In view of the model (4.43), we have

Ps — Pa + Pa — Po = (kenn™) ™A (4.47)

Projecting (4.47) on n, we have

€pn = krjl(e)\,n - >\d,n — Pdn + po,n) (448)

where e, = p; — pq and ey, = A — A\;. Then, substituting (4.45) and (4.46) into

(4.39) and using (4.48) with constant pg,, Aa», and p,, yields

kakglé)\ + kykglé)\ = €) (449)

which implies that regulation of the contact force to the desired value along the

constrained task direction is achieved, for any choice of k, and k, > 0. [

By using the similar arguments developed in [24] for rigid manipulators, it can be
easily shown that the control law (4.37), (4.38), (4.39) ensures regulation of the
contact force to the desired set-point \; and tracking the time-varying component
)

of the desired position on the contact plane (I —nn" )py, where n is the unit vector

along the normal to the plane.

4.3.2 Fast Controller

The fast subsystem can be rewritten as

Z—Z = A(Z)n +B(Z)uy (4.50)
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4.3 Two-time Scale Control

Q) I @)
where n = [n; no]?, A = ,B=
—Dys(z) O Dy (1)
System (4.50) is a marginally stable linear slowly time varying system that can be
stabilized to the equilibrium manifold by a proper choice of the control input uy,
A reasonable way to achieve this goal is to design a state space control law of the

form

uy = Kym + Ko (4.51)

where matrices K; and Ky can be determined based on classical pole placement.

4.3.3 Composite Controller

Combining the slow control law (4.37) and the fast control law (4.51), it gives the
input torque

u=u,+uy, (4.52)
which achieves the dynamics hybrid position/froce control of the flexible manipula-
tor. A scheme of the composite controller is shown in Figure 4.3.3. Following from
Tikhonov’s theorem, a fundamental result in the singular perturbation theory, the
state vectors of the full system can be approximated as

X = }_(1 + O(E) X9 = )_(2 + O(E)

z1 = (+m+O0(e) x1 = 12+ 0(e)

112



4.4 Simulation

Ay A a4 x
> Flexible Arm

Y
Y
A\

| |
| |
| |
i Slow Controller ™ }
| |
| |
i |
| Fast Controller 1

|

|

——————— Composite Controller  ------

A

Figure 4.3: Block diagram of composite controller

4.4 Simulation

To test the proposed method, a two link (n=2) flexible arm which is rotate by two
motors in a horizontal plane (Figure 4.4) with two assumed mode (N7 = Ny =2)
for each link is considered. For completeness, the components of M, H and K are

detailed in Appendix [22]. Assume that the contact surface is
é=1z—05=0, (4.53)

and the desired tip position pgy = [4 y4|’ m move along the following trajectory on

the constraint surface defined by

rq(t) = 0.5 (4.54)

ya(t) = 1.26° — 3t* + 243

Apparently, the normal vector in (4.43) is n = [1 0]7; a point of the underformed
plane is p, = [0.3 0]"m and the contact stiffness is k. = 20 N/m. The manipulator
is initially placed with the tip in contact with the underformed plane in the position
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4.4 Simulation

p(0) = [0.18 0]"'m, and the desired force is taken from zero to the value Ay = [2 0]TN.

The following parameters are set up for the links and placement of a payload is

O ¢

- |
/ ’

n
EE——

&L &L %/

Figure 4.4: Manipulator configurations

assumed to be at the manipulator tip:

p1=p2 = 1.0kg/m (link uniform density)

lL=10, = 0.5m (link length)
di =dy = 0.25m (link center of mass)
my =mse = 0.5kg (link mass)

Iy = Iy = 3.0kgm? (hub inertia)
Iy =Ly = 051lkgm?® (rigid inertia)
EIL, =FEI, = 10Nm? (flexural link rigidity)
m; = 0.1kg (payload mass)

In the simulation study, the slow controller (4.37) has been used in the composite
control law (4.52). The actual force f and position p are used in the controller in
lieu of the corresponding slow variables. The slow control gains have been set to
k, = 25 and kg = 10, k, = 1.73, k, = 3.19, and the fast control gains have been set
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25
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Figure 4.5: Contact force
to Ky = [2.198 0.281 10.231 — 7.121]” and K, = [6.112 — 12.930 3.884 1.582]".

The simulation result are shown in Figures 4.5-4.11.

Figures 4.5 and 4.6 indicate the trajectories of the contact force and the position
errors of respectively. The joint angles ¢,1, gr2 and link deflections g1, qri2, ggo1,

¢r22 are shown in Figures 4.7-4.10. The joint torque u is reported in Figure 4.11.
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Figure 4.7: 1st joint angle
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Figure 4.8: 2nd joint angle
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Figure 4.9: 1st link deflections
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Figure 4.11: Joints torques
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4.5 Summary

The problem of force and position control for the flexible robots has been investi-
gated. By using singular perturbation theory, the original system is regrouped into
two subsystems, based on the assumption of large link stiffness. A slow subsystem
represents the dynamics of rigid part and a fast subsystem describes the dynamics
of flexible part. A force and position parallel control, which is developed for rigid
link manipulators, has been applied for the control of the slow rigid dynamics.
The fast control is designed by the classical pole placement. Simulations show the

effectiveness of the proposed method.
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Chapter 5

Conclusions and Further Research

5.1 Conclusions

The work presented in this thesis basically consists of two parts: the dynamic

modeling part (Chapter 2) and the controller design part (Chapter 3-4).

In Chapter 2, the modeling of flexible robot manipulators is studied. First, by
using Lagrange’s equations of motion, a closed-form dynamics model, where link
deflection is described in terms of assumed modes, is obtained. Subsequently, by
using FEM, the flexible beam is divided into a finite number of elements, and the
link’s elastic deformation is represented in the form of a linear combination of ad-
missible functions and generalized coordinates. Although the model obtained from
AMM and FEM can both be used in the design of the controller, the generalized

coordinates in the FEM model are more physically meaningful than those in the
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5.1 Conclusions

AMM model. Therefore, a multi-link model is developed using the results from
FEM. All of the models described in Chapter 2 are used throughout the controller

design part.

In Chapter 3, the FEM model is separated into two subsystems based on singular
perturbation theory, under the assumption of large link stiffness. Then, an adaptive
neural network controller is developed for the unknown systems. The unknown
equilibrium ( is considered as a constant in the boundary layer, so that an adaptive
law can be designed for the fast subsystem. It is noted that the fast variables are
asymptotically stable, while adaptive trackings are achieved for slow variables.
It is found that the proposed controller can achieve better tracking performance

compared with the existing PID methods.

Chapter 4 is dedicated to the position/force control for a constrained flexible multi-
link robot. The constrained robot model and its properties are briefly reviewed.
By cancelling out the effects of the static torques acting on the rigid part of the
manipulator dynamics, a new control input is introduced. By using singular per-
turbation theory, under the assumption of large link stiffness, the system is split
into two subsystems. Assuming that all the states measurement are available, a
composite control is proposed. It has been proven that the controller guarantees
the regulation of the contact force and the tracking of the tip position to the desired
trajectories. A simulation study has confirmed the effectiveness of the proposed

approach.
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5.2 Further Research

5.2 Further Research

There are still many investigations that can be carried out to extend the work in

this thesis. For example,

e Design of the observer to measure the unknown C for fast control design.

As discussed in Chapter 3, the equilibrium cannot be measured directly for a
unknown system, although full states measurement are available. In Chapter
3, some critical properties of the single link model have been found, and
by using this, the fast stabilizer is developed without a priori knowledge.
However, for multi-link robots, this property may not hold. One possible
method to solve the problem is to design an adaptive observer. By cementing
enough strain gauge foils on flexible link, it may be possible to measure the

movements.

o Adaptive control of position/force control constrained robots with unknown

parameters.

All the existing methods are dependent on the exact cancellation of the robot
dynamics to achieve the desired result. However, in real application, the
exact robot model may not be available to control, i.e., the exact cancellation
of the dynamics may not be feasible. The system uncertainty affects the
dynamics parameters. The tracking control performance and the accuracy
of constrained force are therefore subject to the variance of the systems.
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5.2 Further Research

Further research should be dedicated into the adaptive control problem for
the unknown or partially unknown multi-link flexible robots. The effects of
the force signals on the stability of the overall closed loop system should be

further investigated.
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Appendix A

Entries of Matrices M, C and K

Used in Chapter 4

Since two link with two assumed mode for each link model is investigated in Section

4.4, thus the inertia matrix M and the Coriolis vector can be assumed as

Mll M12 M13 M14 M15 M16 Hl
M21 M22 M23 M24 M25 M26 H2
M31 M32 M33 M34 M35 M36 HS
M = H = (A1)
M41 M42 M43 M44 M45 M46 H4
M5y Msy Msz Msy Mss  Mse Hs
M61 M62 M63 M64 M65 M66 H6
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and the stiffness matrix K is of form
K = diag{0,0,w? m1,wiymi, ws ma, wiyms} (A.2)

The components of M and H can be expressed as

My = man + mi2cos gro + (Mais(tiigrn + ti2qz) + mara(taigrar + ta2qyro2)) sin gpo
My = (mags(tiigrin + tiagpiz) + maza(tarqrar + taogra2)) sin gro

+mM121 + M122 COS G2

Mz = mag + Mag2 €os gro + (Mass(ta1qra1 + t22qs22) + Mizaqpiz) Sin gro
My = mag + Maaa €08 gro + (Maas(ta1qra1 + t22qr22) + Misaqyin) sin gro
M5 = mas + masa €oS gra + Mass(t11qr11 + ti2qp12) Singro

Mg = mag + Mgz €oS Gra + Mags(t11qr11 + t12qs12) Singpo

My = 0

My = may

Moz = (mass(tarqpa + taaqrae) + Maza(tsiqp1 + ta2qr12)) sin gro

+Mag1 + Mag2 COS Gro

Moy = (mass(ta1qpa + taaqrae) + Moaa(tsiqpin + ts2qr12)) sin gro
4141 + Mag2 COS Gro

Mys = mas

My = mag

Mz = M3 =0

Mss = mag + mase cos Gro + Mass(ta1qra1 + taaqra2) Sin gro

M3y = maa + Mgaz cOS Gro + M3asz(ta1qra1 + L22qr22) Sin Gro
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M3s1 + Mas2 COS ¢ra + Mass(t31q511 + t32¢F12) SN ¢ro

M3e1 + M3z COS Gra + Maes(t31q 11 + t32qs12) SiN gro

Mys = Myz =0

Miga1 + Maa2 COS ¢y + Maas(t21qr21 + ta2qra2) Sin gro

Mas1 + Mas2 COS Gra + Muasz(ta1q11 + t32qr12) Sin o

Muye1 + Mae2 COS ¢ra + Mags(t31¢511 + t32¢F12) SN o

Msy = Msz = M5y =0

Ms51

Mse61

Mgz = Mgz = Mgy = Mgs =0

Mee61

[(R101Gr2 + h102ds11 + h103Gri2 + hioadrar + hiosdr)gr
+(h1osdr2 + hiordsin + hiosdsiz + hioodrar + hi1odraz)dre
+(h111Gr21 + ha12Gr22)dr11 + (h11sdrar + hi1adra2)dr12] sin oo
+[(h115@r1 + h16Gra + har7dra1 + Riisdpoz) (t1qp11 + ti2gpiz)
+(h119dr1 + Pi2o0dr2 + ha21Gr11 + haoedriz) (ta1qra1 + ta2qyra2)

+hi23q 2411 + hi24qr11G512]dra €OS Gro
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H,

Hg

(hao1Gr1 + hoo2d 11 + hoo3dri2)dr sin gro

+{[(h204Gr1 + haosGra1 + hoosd 22 (t119511 + t12¢s12)

+(hao7Gr1 + haosdar + hoooGraa(ta1qrar + taaqrae) + ho10qsi2G 511
+ho11qr11412)Gr1 + (2124511 + hoisdriz) (ta1qra1 + ta2qyra2)

+(ho1adrar + horsdsaz) (ts1qp11 + ts2qs12)]dr1n + [hoiedria(taiqran + t22qr2)
+(ha17dro1 + ho1sdra2) (319511 + ts2qri2)|dri2} cos gro

[(R301Gr1 + h3o2Gr2 + hsosdriz + haoadran + haosdree)dr

+[(h3osdr2 + hsordrir + haosdriz + hsoodrar + ha1oGre2)dre

+(hs11dro1 + ha12Gr22)d 11 + (h313Gr21 + ha1adree)dri2] sin gro

+[(hs15Gr1 + hsi6Gra + ha17d i1 + haisdriz) (ta1qpa + taaqyroz)

+(hs19Gra + ha2odra1 + hso1Graz) (t31qr31 + t32qp12) + Ra22qr12dr1]Gro COS Gro
[(Ra01Gr1 + hao2Gr2 + haosdriz + haoaGrar + haosqrz)dr

+[(haosdr2 + haorGri1 + haosGriz + haoodra1 + Rarodraz)dre

+(ha11dro1 + har2Gra2)d i1 + (haizdrar + haraqre)qri2] sin gro

+[(ha15@r1 + hareGra + harzdpin + haispiz) (ta1qpa + taagyros)

+(ha19Gr2 + hagodra1 + hao1Graz) (t31q511 + t32qp12) + Rao2qr12dr1]Gra COS Gra
(hso1Gr1 + hso2d 11 + hsosdri2)dr Sin gre + [Rsoa(ti1q 1 + ti2qp12) G
+(hsosG 511 + hsosdriz) (ts1qp11 + ts2qs12)]dr2 COS gra

(heo1dr1 + heo2d 11 + Peo3dri2)gr sin ¢ + [Reoa(t11qr11 + t129512) G

+(heosdri1 + heosdri2) (ts19r11 + ta2qri2)|dra €OS ¢ra

138



where

mii

mii2

mii3

miiq

mia

mio2

mia3

mioq

mi3s1

maiz2

mi33

mi3q

mign

LGED)

M43

Mmigg

mis1

mis2

mis3

mie1

Ini 4 Ty + Ing + Do + I, + mol3 + my (17 +13)
2(mody + myla)ly

2(mady + myly)

—21

Ino + Ing + I, + myl3

(mady + myls)ly

(mady + myls)

—1

wir + (Tpe + o + I, + mtlg)gb’llve + (ma +mi)lid11e
(mady + myla)(Pr1.e + &y 1)

— (11,6 + ¢/11,el1)

—(mady + myls)1hy

wiz + (Ing + Iye + I, + myl3) T2.0 + (Mo +my)l1¢12,
(mady + myla)(Pr2,e + Bg 1)

_(¢12,e + (25/12,611)

—(mady + myly)y

war + Lpdhy e + Mulada e

(Vo1 + miar )l

Va1 + M Pai

Wog + [p¢/22,e + mylagar e
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mM221
maz2
mM234
mM242
Ma244
Moe1
m332

ms341

343
m3s2
m3e1
m3e3
Myy2
Mys51
MMy53
My62
mss51
Mee1
hio1

hios

h105

Ing + Ipo + I, + myl3
(mady + mila) oo e
—(mady + myls) P11 e
(mads + myla) P12,
—(mady + myls) 12,
waz + IpPng o + Milaare
2(mady + mtl2)¢11,e¢/11,e

0

—(P11,6012,0 + D120 )

(V21 + MyP21.e) D116

(waa + Ip¢l22,e + mt12¢22,e)¢/11,e
—(vg2 + mt¢22,e)¢11,e

2(mady + mtl2)¢12,e¢/12,e

(wa1 + Ipd),m,e + mtl2¢21,e)¢/12,e
—(va1 + Mo, Pr2,e

(Va2 + MyP22.c) D126

mo

mgy

—2(mady + myls)ly

2(mady + myla) (P12, — l1d1a,)

—2(vag + Miaae)ly
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m231
ma33
Mo
1M243
Mmas1
m331
333

ms342

m3s1
m3s53
m362
My
1443
My52
Mye1
463

mse2

h102
h104

h106

(Ino + Iz + I, + myl3) e
—P11e

(Ing + Ina + I, + mul3) 12

— P12,

wor + Lp@hy o + Mylador e

my

—2011.c + Py

(mads + myls)

(P11,eP12, T P12,6011 )

(war + ]P¢I21,e + mtl2¢2l,e)¢/11,e
— (Va1 + Muo1.e) P11e

(Va2 + MiPa2.e) P11 e

my

—2¢12,eP10.¢

(Va1 + My Pa1e)Pro.e

(waz + Lydny o + Mulagaze)Pls
— (Va2 + Moz, ) P12,

0

2(mady + muly)(d11 — lidhy )
—2(’&121 + mt¢21,e)l1

—2(m2d2 + mtlg)ll



ha13
hais
hoi7
h3o1
h303
h305

h307

— (mady + muly)h 6,
—2(v21 + My@a1e)la
—2(va1 + My a1 ) 107
—2(va1 + mydare)idhy
2(mady + myly)

—(v21 + MyP21e)

—2[

— (110 + 11911 .)
—(mady + myla)thy
(mady + myls)ly

2(mady + myla) 1o,
—(va1 + Mua1 )

h

P12.e + 1P,

(mads + myly)iy
P11,eP0e + Pr2,6P1
(V22 + Moz ) P11 e

(Va1 + M1 e)Prae
2(mady 4 myly) (P11, — iy )
2(madsy + myly)y
—2(vag + MyP22.e) P11 e

—2(mady + mtl2)¢11,e¢,11,e
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—(mady + myly) 175
—2(va2 + Mudaae )y
—2(vaz + My Paze) 1y
—2(vag + Mya2.e) 1Pl
Mods + Mmyls

— (Va2 + Muaa,e)

—1

—(12,c + 1o
—(mady + myla)yn
2(mady 4 myla) P11 e
—(mady + myls)

— (Va2 + Muaze)

P11e + 110,

(mady + myls)1)s
D11,eP11 ¢

(V21 + My Pa1e) P11 e
P12,6P12,
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—2(mady + mtl2)¢11,e¢,12,e



—2(va1 + MyPa1e) P11
—2(va1 + My Pa1,e) P11,
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—2(va1 + MyP21,e) P12,
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—2(va1 + My Pa1e) P12,611
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—(Pr1,6P0.0 + Pr2,eP1.)
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2(va1 + Mio1 e)Pr2.e

—(va1 + Mo e) P11 e
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h310
h312
h314
h316
h3ig
320
h320
P02
Paoa
haos
D408
haio
hai2
P14
haie
hyig
P20
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hso2
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hso06

h602

—2(vag + MyP2a.e) P11,
—2(vg2 + mt¢22,e)¢11,e¢/11,e
—2(v22 + My P22, ) P11,6P12
—P11e

—(11,6P19,c + P12,6011 )
—(va1 + Mo ,e) P11 e
—(mads + myls)1he
—2(mady + myls) 12,
—2(va1 + MiP21,e) P12,
—(mady + myls)Pra,
—2(mady + myly) P12,0P7 .
—2(vag + MiP2ae) P12,
—2(vg2 + mt¢22,e)¢12,6¢/127@
—2(veg + mt¢22,e)¢12,e¢,127e
— P12,

—2¢12,6P12,,

— (Vo1 + MiP21.e) P12
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to1
t31
Pije
(G0

2(va2 + Myas e ) Pr2.e
— (Va2 + Muaz.e) P11.e
¢11,e - llgb/ll,e

Va1 + My Pa1 e

’
11,e

Gij(xi)
¢12,e¢/11,e - ¢11,€¢/12,e

zi=l;
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32
/
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/
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