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Abstract

The control of robot manipulators has become a hot topic in these years. With
increasing usage of robots in military industry, manufacturing, service industry and
daily entertainments for common people, there is an increasing need to design robots
with higher performance and various functions. Adaptive control is powerful in solv-
ing control problems with uncertainties, and thus become a potent tool in this area.
This thesis studies the adaptive control of robot manipulator systems with uncertain
and time-varying parameters. A new parametrization scheme is derived to expand
the capacity of adaptive control in dealing with such parameter uncertainties. Unlike
the existing control methods, each parameter is not estimated by a single estimate,
but a group of estimates, which can help robot manipulators perform better in time-
varying environments. This control algorithm can guarantee stability and asymp-
totic tracking ability, despite large and persistent uncertain parameter variations.
Compared with classical control methods, the new adaptive control designs will help
reduce the effect of the uncertainties of time-varying parameters in the robot working
process. Simulation results of control for a planar elbow manipulator, a typical type

of robot manipulators, are presented to verify our control performance.
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Chapter 1

Introduction

The control of robot manipulators has become a heated topic in these years.
With increasing usage of robots in military industry, manufacturing, service industry
and daily entertainments for common people, there are huge needs to design robots
with higher performance and various functions. In this chapter, we will give an

introduction of current research progress of robot manipulator control.

1.1 Research Motivation

In past decades, with the great development of computer science, composites,
and processing technology, the robot has been given with higher performance, which
brings robot broad prospect. Therefore, many research works have been done in
robot manipulator control. Researchers did many attempts like PD control, robust
control and adaptive control. Some also did independent joint control, using PID

compensator, state feedback control and feedforward control [38].
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When the robot is applied to more fields, there is an increasing need of robots
having the capacity to work in complex and unknown conditions. Because in prac-
tical applications, there exists various uncertainties and external disturbances. Re-
cently, many researchers begin to study this problem in various conditions and as-
pects.

Consider a robot manipulator work in a set working procedure. The existing
control designs can only stabilize the system, but cannot reduce the disturbance
caused by switching working process. So the peak of disturbance remains the same
in multiple-time repeating works. It is not good for material fatigue, service life, and
operation accuracy. In our research, the objective is to present a new approach of
adaptive control design, which can solve conditions with uncertain system parame-

ters and gain better performance.

1.2 Literature Review

In current robot manipulators relative literature, most works were done for
systems with time-invariant parameters. In [10,34,37], the most basic design of
adaptive control for robot manipulators. The authors presented an adaptive version
of the computed torque method for the control of manipulators with rigid links and
proposed an adaptive computed torque controller using disturbance accommodation
control techniques. They derived a new adaptive robot control algorithm, which con-
sists of a PD feedback part and a full dynamics feed-forward compensation part, with
the unknown manipulator and payload parameters being estimated online. In [9],
the author presented the study of an adaptive control which tracks a desired time-

based trajectory as closely as possible for all times over a wide range of manipulator
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motion and payloads both in joint-variable coordinates and Cartesian coordinates.
In [3], the author presented a sliding-mode control based on a Variable Structure
System for a multijoint manipulator. The practical sliding-mode controller, which
has a simple nonlinear compensator and proper continuous function. In [15], the
author presented a new scheme for the adaptive control of mechanical manipula-
tors which does not require the measurement of joint accelerations and needs less
computation. In [17], the author demonstrated the approach on a high-speed two
degree of freedom semi-direct-drive robot. It showed that the dynamic parameters
of the manipulator trajectory can be precisely controlled. In [18], they gave a tu-
torial account of several of the most recent adaptive control results for rigid robot
manipulators. In [20], the article addressed an application that involves the adap-
tive control of robot manipulator joint. It tries to explore the potential of using soft
computing methodologies in control of plant with unknown internal behavior and en-
vironmental changes. In [24], the author introduced two reduced and unconstrained
robot models. In [25], they proposed an algorithm for the collision avoidance. In
[4], they proposed a non-quadratic stabilization approach to stabilizing a two-link
robot manipulator. A non-quadratic Lyapunov function is used as a fuzzy blend-
ing of multiple quadratic Lyapunov functions. In [28], it presented an approach for
robot manipulator control and learning. When a robot manipulator is controlled to
track a periodic reference orbit, the locally-accurate approximation of the closed-
loop control system dynamics can be achieved in a local region along the periodic
orbit. Then in [27], the author proposed a method for learning and controlling an
industrial robot manipulator through fuzzy voice commands guided by visual motor
coordination. In [11], the author studied the adaptive state feedback for state track-

ing control problem for such systems. In [35], the author developed a control of a
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redundant robot manipulator. That has to carry out a trajectory tracking in oper-
ational space while avoiding an obstacle. In [23], the author estimated the gravity
force using the generalized gravity regressor which is regardless of the dimension and
structure of the robot under the quasi-static state. [26], the author provided a linear
time-varying approximate model around some desired manipulator trajectory, to the
robot manipulator. In [1], the author presented a comparative study of two control
approaches; fuzzy proportional derivative control and the sliding mode control for a
two degree of freedom robot manipulator. It presented the implementation of both
models based and model free based control. In [2], the author proposed an adaptive
control for a robot manipulator, which allowed the displacement of the end-effector
following a reference trajectory. In [30], the author proposed a discrete-time adap-
tive control scheme for controlling robot manipulators. In [32], the article targeted
the case that the built-in controller does not provide desirable precision for set-point
regulation.,In [6], this paper presented an adaptive backstepping control scheme for
a mobile manipulator robot based on the virtual decomposition control. The control
scheme was applied on three degrees of freedom manipulator arm mounted on two
degree of freedom mobile platform to track the desired workspace trajectory. The
desired joint space trajectory was obtained by using the inverse kinematics. [8] pro-
posed a new method to improve the transient performance of the adaptive tracking
control system for robot manipulators. It can guarantee the exponential convergence
to a predetermined residual set of tracking error in the closed loop system.

Some works for systems with uncertain parameters were also done. [16] pre-
sented an adaptive robust controller for robot manipulators using adaptive integral
sliding mode control and time-delay estimation. In [29], the author proposed direct

and indirect model reference adaptive control strategies for multivariable piecewise
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affine systems, which constitute a popular tool to model hybrid systems and ap-
proximate nonlinear systems. [31] presented dynamic learning from adaptive neural
control with prescribed tracking error performance for an n-link robot manipulator
subjected to unknown system dynamics and external disturbance. In [22], the au-
thors developed an adaptive tracking control law for a class of uncertain nonlinear
systems with Markovian jumping parameters. In [21], researchers proposed a sys-
tematic adaptive sliding mode controller design for the robust control of nonlinear
systems with uncertain parameters. In [14], the authors designed a hybrid impedance
controller. With some robustness against the uncertainties of the environment, the
approach is able to implement the desired contact force and track the commanded
position in orthogonal subspace without knowing the accurate model of the envi-
ronment. In [19], the authors studied the position tracking control with finite-time
convergence for a class of nonlinear uncertain robot manipulators. It designed a
Radial basis function neural network (RBFNN) based adaptive control to compen-
sate for the effect of the unknown dynamics. In [33], it presented control designs
for tracking control of robot system with uncertain manipulator dynamics and joint
actuator dynamics subject to constrained task space. In [5], they proposed a new
dynamic prediction error based adaptive controller for robotic manipulators with
uncertain parameters. A multiple-model adaptive control scheme was developed us-
ing multiple prediction errors and multiple controllers, incorporated with multiple
parameter estimators and a control switching mechanism to find the model that best
approximates the manipulator dynamics. In [13], the author proposed two adaptive
control schemes to realize the objective of task-space trajectory tracking irrespective
of the uncertain kinematics and dynamics. The proposed controllers have the de-

sirable separation property, and they have shown that the first adaptive controller
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with appropriate mode fictions can yield the improved performance.

1.3 Thesis Outline

The remainder of this thesis is organized as follows. In Chapter 2, the back-
ground of control is given, which includes definitions and theorems of stability, and
concepts of adaptive control. In Chapter 3, modeling of robot manipulators is in-
troduced, in order to give readers a basic and detailed process of building robot
manipulators model. Then, two common models of robot manipulator are given,
which are also used for simulation in the following chapters. In Chapter 4, we in-
troduce control methods for constant system parameters, so as to help readers gain
better understand in later chapters. In Chapter 5, the model of robot manipula-
tors with time-varying and control method with joint acceleration measurement is
given. Simulation results for nominal control and adaptive control were offered. We
also show a comparison work of previous control methods. For all simulation works
above, we use two-link planar manipulator to do the corresponding simulations, and
the results illustrate the effectiveness of the adaptive control for jumping parameters.

Chapter 6 will discuss the conclusions and some future works.



Chapter 2

Background

Before going further about robot manipulator control, the background infor-
mation of control should be introduced. In this chapter, concepts of stability analysis

ans adaptive control will be introduced.

2.1 Signal Measures

The 9 norm of a constant vector x = (xy,...,2,)7 € R"™ with n finite is
defined as

lzlh=Tz] +-- | (2.1)

the {2 norm of z is defined as

Falle =/t 4+ +a3 (2.2)
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and the [*° norm is defined as

@l = max | |
For a vector signal z(t) = (z1(t), -, z,(t))" € R", we define norms

| 2(t) [l = /a2t a2 ()
l2(@) =@ |+ + |20 |

F2(®) lloo = max | 2it) |

The induced norm of a constant matrix A € R™" is defined as

[z(t) [l = sup [ A(t)z ||

zER",||z||=1

The induced matrix norms are defined as

n

I A= max > |ay|

1<i<m
j=1
m
[ Al = max > |ay|
j=1
| Alla = VAnaz(ATA)

Consider a vector signal z(t) € R", the L' norm is defined as

| 2() I = /OOO | x(t) | dt = /Ooou 0(t) | 4o+ | 2alt) Dt

(2.4)

(2.5)

(2.6)

(2.7)
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The L? norm is defined as

| 2() [l = \/ / Tt 2 de = \/ / TN 220 | ot o) DdE (28)

and the L norm is defined as

() lla = sup || 2(t) lo = sup max | z;() | (2.9)
t>0 1<i<n

=

Signal space L' is defined as

L' = {a(t) € B":| 2(-) |1 < oo} (2.10)

signal space L? is defined as

L2 = {a(t) € B":| 2(-) ||l2< oo} (2.11)

and the signal space L™ is defined as

L® = {a(t) € B | 2(-) o< 00} (2.12)

The signal z(t) is uniformly bounded if z(t) € L, for some 5 > 0, || z(¢) ||< 5,

Vt > 0. For the signal norms L', L?, L>°, we have: z(t) € L' N L*® = z(t) € L*
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2.2 System Stability

The concept of stability is significant to control system design. The methods
available to examine the poles depend on the representation of the system model. If
the classical approach is taken then the poles of the transfer function can be exam-
ined. If the modern approach is used then the eigenvalues, which are the poles, of
the system matrix A can be analyzed. Either approach can quickly give information
on whether or not the system is inherently stable, marginally stable, or unstable.

For adaptive control system stability must be defined another way since knowl-
edge of the system parameters are unavailable and possibly changing. The work
of Alexander Mikhailovich Lyapunov, who presented definitions and theorems for
studying the stability of solutions to a broad class of differential equations, has been
used extensively to address this problem [40]. The work of Lyapunov relies on defin-
ing an energy function, formally known as a Lyapunov function candidate, that can
be used to determine the stability of a system without having to solve for the solu-
tions to the system explicity. Originally, this Lyapunov function was purely the total
mechanical or electrical energy and therefore by nature positive definite. The Lyap-

nov indirected method can be found in many textbooks about a nonlinear system

like [39], [41].

Definition 2.1  The response of &(t) = Axz(t) is stable in the sense of Lyapunov
if every finite initial state xy excites a bounded response. It is asymptotically stable
if every finite state excites abounded response which, in addition, approaches 0 as

t — 00 [42].

Theorem 1 The equation (t) = Ax(t) is stable if and only if all eigenvalues of A

10
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have zero or negative real parts and those with zero real parts are simple roots of the
minimal polynomial of A. The equation &(t) = Ax(t) is asymptotically stable if and

only if all eigenvalues of A have negative real parts.

Also in the Lyapunov sense, we can check the stability of matrix A by Lyapunov

theorem.

Theorem 2 The equation © = Ax, A € R™", x € R" is asymptotically stable if and
only if for every positive definite Q = QT € R™", the Lyapunov equation ATA +

PA = —Q has a unique and positive definite solution P = PT € R™".

Theorem 1 and 2 are theorems that we usually use to check the stability of close-
looped system by classical control. But for adaptive control, those theorems would
not work since in adaptive control, there exists uncertainty on the dynamics model,
we cannot get the accurate system parameters. So we introduce a new method
called Lyapunov direct method to check the system stability when applying adaptive

control.

Theorem 3 (Lyapunov direct method) If in some Ball B(h), there is a positive
definite function V(x,t) with V < 0, then the equilibrium state X, = 0 of the system

& = Ax is stable. If we also have "V(x,t)” is decrescent, then it is uniformly stable.

Then, we introduce the Barbalart lemma. This lemma makes the precess to

analyze system stability more easier.

Lemma 2.1  (Barbdlat Lemma) If a scalar function f(t) satisfies f(t) € L=, f(t) €

L2, then limy__, f(t) = 0.[39]

11
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2.3 Adaptive Control

Adaptive control applies physical adaptation dynamics that can adjust the
controller for a system with uncertainties to reach the desired performance. Different
from the classical control method, the adaptive control systems can achieve more

possible system operation that is much more flexible.

Direct adaptive control The first ways to adaptive control design is considered
as the direct adaptive control. It generates the updated system parameters with
the adaptive controller and the adaptive laws without thinking the initial conditions
of the target plant and possible disturbances. In a direct adaptive control system,
the controller parameters, which are estimates of some unknown ideal plant-model
controller matching parameters, are directly updated from adaptive laws, based on

our defined tracking error.

Indirect adaptive control The other one is called indirect adaptive control. This
method is to estimate plant parameters with the possible disturbances, and update
the adaptive controller with the designed adaptive laws. In an indirect adaptive
control system, the controller parameters, which are also estimates of some unknown
ideal plant-model matching parameters, are simultaneously calculated from a design
equation using the on-line estimates of the unknown plant parameters, updated from
a parameter estimator based on an estimation error presenting the mismatch between

the plant output and its estimated version generated from the parameter estimation.

In either a direct or an indirect adaptive control design, it is significant to use

the estimates of some unknown parameters of an ideal controller. The parameter

12
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estimates are obtained from an adaptive updated law driven by system performance
error, and used in implementing an adaptive controller either directly or through a
design equation to map the plant parameter estimates to the controller parameters.

More information can be found in [39].

13



Chapter 3

Modeling of Robot Manipulators

This chapter will discuss the procedure of deducting general dynamic equations
of robot manipulators. First, we will introduce the way of getting the Jacobian
matrix and Euler-Lagrange equation. Then, some properties of dynamic equations
will be discussed. Finally, we will show two classic examples and offer detailed

dynamic equations.

3.1 Manipulator Dynamic Equations

We first show the complete derivation procedure of general robot manipula-
tor models, including Jacobian matrix, kinetic an potential energy, Euler-Lagrange
equations. At the end of this section, we will also introduce several vital properties
of robot manipulator dynamic equations, which will be used in following chapter for

control design.

14
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3.1.1 Manipulator Configuration

In this research, the object is robot manipulator with n degrees of freedom
(DOF). Each link of the manipulator is regarded as rigid body. The configuration
of robot manipulator includes the location information of every points. We use joint
variables q = (q1, ¢2, -.-qn), Where ( stands for relative rotation (revolute joint) and
relative motion (prismatic joint) between every two links. Robot manipulator in
three-dimensional space needs at least six indepent DOF, which are three axial DOF
and thee rotations DOF. Otherwise, there will be a restriction of robot manipula-
tor’s movement. And if there exists extra DOF, it will become redundant system.
Common industrial robot manipulators have less than six DOF, such as articulated
manipulator (three revolute joints), cylindrical manipulator (one revolute joint and

two prismatic joints) and so on.

3.1.2 Manipulator Jacobian Matrix

Mathematically, the velocity relationships of each links of robot manipulators
are determined by the Jacobian of the function that defined by kinematic equations.
The Jacobian is a matrix that generalizes the notion of the ordinary derivative of a
scalar function. The Jacobian is one of the most significant quantities in the study
of robot motion. It is vital in every aspect of robotic manipulation: in the planning
and execution of smooth trajectories, in the derivation of the dynamic equations of
motion, and in the transformation of forces and torques from the end effector to the

manipulator joints.

15
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Derivation of Jacobian Matrix

Consider an n-link manipulator with joint variables ¢y, - -, ¢,. Let

R)(q) o) (q)
0 1

T(q) = (3.1)

denote the transformation from the end-effector link to the base link, where ¢ =
[q1, -, qn] is the vector of joint variables. As the robot moves about, both the joint
variables ¢; and the end-effector position 0% and orientation R® will be functions of
time. We will introduce the way to relate the linear and angular velocity of the end

effector to the vector of joint velocities ¢(t). Let

S(wn) = Ry (R (3.2)

where w? is the angular velocity vector of the end effector, and define

v = o) (3.3)

as the linear velocity of the end effector. We want to get the expressions of the form

Ug = Juq
(3.4)
Wl = Juq

16
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where J, and J,, are 3 x n matrices. We will introduce them in the next parts. By

writing two equations in Equation (3.4) together, we get

¢ =Ji (3.5)

where £ and J are given by

3o
3o

€= and J = (3.6)

3o
3o

The vector £ is also called the body velocity. Especially, this velocity vector is
not the derivative of a position variable, because the angular velocity vector is not
the derivative of any time-varying quantity. The matrix J is called the Jacobian. J

is a 6 x n matrix where n is the number of links.[38]

Angular Velocity

The overall angular velocity of the end effector, w?, can be expressed as

Wi = pr@ik + pape Rk + .+ pu@n Ry k= ) pidizl (3.7)
i—1

where p; equals to 1 when the iy joint is revolute and 0 when the ;¢ joint is
prismatic, since

?—1 = R?—1k7 (3-8)

17
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Thus, J, in Equation (3.4) is expressed as

Jw = [plz()-"pnzn—l] (39)

Linear Velocity

We use notation 62 to represent the linear velocity of the end effector. Based

on the chain rule for differentiation, we can get
"L 00
.0 n -
0, = —q; 3.10
n E 9.4 (3.10)

Then, we can express the i;h column of J, as

00
Jvi = n 3.11
24, (3.11)

Now, we are ready to use the Jacobian matrix to derive dynamic equations of

the robot manipulator. There are more information of the Jacobian matrix in [38]

3.1.3 Kinetic Energy and Potential Energy

For the robot manipulator with one rigid body and six DOF, the kinetic energy
is
1

1
K = §mvTv + §wT[oJ (3.12)

where m is mass of the rigid body, vectors v and w are linear velocity and angular
velocity, and [ is inertia tensor of the rigid body.

For n-link robot manipulator (n rigid body links), the kinetic energy is

18
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K= %QT[Z miJyi(@)" Jui(q) + Jui(@)T Ri(@) LiRi(9) " Jui(@)]d (3.13)

To simplified the equation, we use

Dm)=}:mMM@?m@%+&AQWM®L&@VLA® (3.14)

Where D(q) is called inertia matrix, which is symmetric and positive definite. Thus,

the equation becomes

1, )
KzéfD@q

) N (3.15)
=3 Z d; j(q)did;
(2¥)

where ¢ is joint variables, m; is total mass of each link,

For n-link robot manipulator, the potential energy is
P = ZmigTrc,» (3.16)
i=0

where m; is total mass of each link, g is gravitational acceleration, and r; is the

vector from origin to the center of mass of each link.

3.1.4 Euler-Lagrange Equations

The standard form of Euler-Lagrange equation is

d oL 9oL
it oG 0q; "

i=1,..,n (3.17)

19
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where K is total kinetic energy, P is total potential energy, and L is named as

Lagrangian of the system.

1 .
L::K—P::§Z)MMM%—P@ (3.18)
2,7

For Euler-Lagrange equation, we have

d OL 8dkj
a 8—% = deJQJ + Z qu]

3.19
oL 1 od;j . . oP (3.19)
= 52, 4 — 5
gy, 2 Oq gy,
Then, the Euler-Lagrange equations become
8dk- 10d; _oP
di;j I ), = 3.20
To simplify the equations, we define
1.0dy;  Ody;  Ody;
Cgk = 5l + o = o
2°0q;  Oq; O
19d.
_ Odw; _ 10dy (3.21)
dq; 2 gy,
0P
Ik = Dar
Thus, we can rewrite the Fuler-Lagrange equations as
D dii( @i+ cipe(@)dids + (@) = uk, k=120 (3.22)
And the matrix form of Euler-Lagrange equations is written as
D(q)q+Clq,q)q+9(q) = u (3.23)
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3.1.5 Dynamic Equations and Properties

The dynamic equations of n-link robot manipulator are very complex. However,
there exists some properties that can benefit us to develop control algorithms. We

introduce two of the most common properties that will be used in our research.

Skew Symmetry Property The matrix S(q,q) = D(q) — 2C(q,q) is skew sym-

metric, that is the elements in matrix S satisfy s;; = —sy;

Proof: With given inertia matrix D(q), we can get the expression of elements

in D(q)

8ko
3.24
Z 2, (3.24)
With the definition of C'(q,¢) and symmetric property of D(q), we can get the ele-

ments of S(q, q)

Sk; = dk - 2ij
8dw adk;z )
= — ; 3.25
Z g 3@1] (3.25)
= _Skj

Thus, S(¢,q) = D(q) — 2C(q, q) is skew symmetric.[38]

Linearity in the Parameters By sorting the parameters in the dynamic equa-
tions of robot manipulator, we can get a linear equations, which relieve our work

greatly, that is

D(q)i+C(q,4)i+g(q) = 7 = Y(q,4,4)© (3.26)
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Where Y(q, ¢, §) is named as regressor, which contains information of joint variables
and is assumed to be completely known. And © is the parameter vector, which
contains information of system structure parameters. Two specific examples are

given in the next section.

3.2 Examples
In this section, we will introduce two typical examples of robot manipulator

configuration. In later chapters, we will take the model of two-link planar manipu-

lator to show our control methods and simulation results.

3.2.1 Single-Link Manipulator

At this time, we consider a single-link robot manipulator with 1 DOF (one
revolute joint), for instance, DC-motor. In Figure 3.1, it is a single-link robot arm

with a gear train to a DC motor.

. I

Mgl

Figure 3.1: Single-link robot [38]
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According to last section, we first list the equations of kinetic energy, potential
energy and Langrangian of the system. Using angular variable of the link as the join

variable. Then, we can get

1 .
K = 5(r?Jm + J;)6?
(3.27)

1 .
= —Jb*
2

Where 6 is link angle, r is the gear ratio, J,, and J; are inertia of motor and link

respectively. And the potential energy is
P = Mgl(1 — cosf) (3.28)
Thus, Lagrangian is
L =K-P = %J@Z — Mgl(1 — cos f) (3.29)
Then, we can get Euler-Lagrange equations
JO+ Mglsing = 7 (3.30)

In this example, 7 includes motor torque and damping torques of motor and link,

that is

T = u—(rBn,+ B)f
(3.31)

= u— B0
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Where v is motor torque, B,, and B; are motor and link damping respectively. Thus,

the dynamic equations become

JO+ Bl + Mglsind = u (3.32)

3.2.2 Two-Link Planar Manipulator

Two-link robot manipulators are the most common robot manipulators. It is
very meaningful to take it as the model for the study of manipulator control. In
Figure 3.2, this type of two-link robot arm is called planar elbow robot manipulator,

which is a typical model of two-link robots.

Figure 3.2: Two-link planar elbow robot [3§]

As shown in Figure 3.2, ¢; and ¢ are joint variables (revolute joints), [; and I are

length of links, /.1 and [, indicate the positions of the center of mass. We start with
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giving the kinetic energy.
12
K = - miv-TUi—i—w-TIiwi

where

v = Jy(q)q
Wi = Jwi (Q)q
We can get the Jacobian matrix
—l.sing; O
Joo = lpcosqr 0
0 0

—lising; — lgsin(qi + q2) —le2sin(q1 + ¢2)
Sy = licosqr + lacos(qr + q2)  leacos(qr + go)

0 0

After simplifying the equations, we can write kinetic energy in the form

1. i
K = §QTD(Q)Q
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where

L+ I

>
—
=
SN~—

I

T T
mlJUcl Vel + m2JUc2

Jveo +
12 Is

myl? +mo(I3 + 12 + 20,12 + 211l g cos qo) + I + Iy

ma(lZ + lile cos qo) + I

mg(lé + lllcg COS QQ) + ]2

mglé + [2

Then, for Christoffel symbols, by using the formula

2
& 1,0dy Ody Ody
= 22( dq; * 0q; 3%)

=1

We can get
. hgs (¢ + 42)h
Clg,q) =
—q1h 0
where
h = —m211l82 sin q2

Next, the potential energy is

P = P+ Py, = miglasing + mog(lysing + lesin(q + ¢2))

Then, we can get ¢(q)

oP (mala + maly)g cos 1 + maleag cos(qr + ¢o)

glq) = - =
dq maleag cos(qr + go)
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Thus, the dynamic equation will be

D(q)i+C(g:4)g+9(q) = u (3.44)

3.3 Summary

In this chapter, we introduced the modeling of robot manipulators. First, we
discussed the derivation of the Jacobian matrix, which is vital in modeling. Then,
we use the Jacobian matrix to get the kinetic energy and potential energy, which
consist the dynamic equations. In the last section, we provide two typical examples,
a single-link robot arm and a two-link robot arm, to derive the dynamic equations

of robot manipulators
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Chapter 4

Control of Manipulators

In this chapter, we will discuss inverse dynamic control and passivity-based
motion control. The former one is also regarded as the control method with joint
acceleration measurements, while the latter one does not require joint acceleration

measurements.

4.1 Designs with Joint Acceleration Measurements

Now, we want to find the application of more complex nonlinear control tech-
niques for trajectory tracking of rigid manipulators. According to [38], we introduce
the first control design. We know the dynamic equations of an n-link robot in matrix

form is

D(q)§+C(q,4)q¢ + g(q) = u (4.1)
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The idea of inverse dynamics is to find a nonlinear feedback control law

u = f(q,4,1) (4.2)

which when substituted into the equation above, results in a linear closed loop sys-
tem. For general nonlinear systems, this control law may be too difficult to find. As
for the manipulator dynamic equations, the problem is much easier. We can see that

if we choose the control u according to the equation

u = D(q)ag + C(q,4)q+ g(q) (4.3)

Then, with the knowledge that the inertia matrix D is invertible, the combined

system reduces to

§g = a4 (4.4)

The term a, represents a new input to the system which is yet to be chosen. Each
input a,, can be designed to control a scalar linear system. Meanwhile, assuming that
aq is a function only of ¢ and its derivatives, then ag; will affect ¢, independently
of the motion of the other links.

Now, ¢, can be designed to control a linear second order system, the obvious

choice 1s to set

ag = —Koqg — Kig + r (4.5)

where Ky and K are diagonal matrices with diagonal elements consisting of position

and velocity gains. The closed loop system becomes the linear system
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¢ + Kig +Koqg =1 (4.6)

If one chooses the reference input 7(t) as §t) + Koqq(t) + K1da(t), then the tracking

error e(t) = q — qq satisfies

é(t) + Kie(t) Kpe(t) = 0 (4.7)

where a simple choice for the gain matrices Ky and K; is diagonal and positive
definite matrix.
Consider again the manipulator dynamic equations. Since D(q) is invertible

for ¢ € R™, we have a chance to solve for the acceleration ¢ of the manipulator as

i =D 'u — Clq,q)q — g(q)- (4.8)

Suppose we could specify the acceleration as the input to the robot manipulator

system. Then the dynamics of the manipulator would be given as

G(t) = aq(t) (4.9)

where a,(t) is the input acceleration vector. The control problem for the system
is now easy and the acceleration input a, can be chosen as before according to the
equation above.

Such "acceleration actuators” are not available to us and we must be content
with the ability to produce a generalized force (torque) u; at each joint i. Comparing
equations above, we see that the torque u and the acceleration a, of the manipulator

are related by
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D™ 'u(t) — Clg,9)q — g(q) = aq (4.10)

By the invertibility of the inertia matrix we may solve for the input torque u(t) as

u = D(q)a, + C(¢,4)¢ + 9(q) (4.11)

which is the same as the previously derived expression. Hence, the inverse dynamics
can be viewed as an input transformation which transforms the problem from one of
choosing torque input commands, which is difficult, to one of choosing acceleration

input commands, which is easy. There are more details in [38]

4.1.1 Control Designs

The inverse dynamics approach relies on exact cancellation of nonlinearities in
the robot equations of motion. The practical implementation of inverse dynamics
control requires consideration of various sources of uncertainties such as modeling
error, unknown loads, and computation error. Let us return to the Euler-Lagrange

equations of motion

D(q)§ + C(q,4)q + g(q) = u (4.12)
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Controller Structure

We write the inverse dynamics control input u as

u = D(q)ag +C(q.4)q+ g(q) (4.13)

where the notation (A) represents the matrices the computed value of system matri-

ces.

Tracking Error Equation

Consider the plant given by Equation (4.13), suppose that the parameters
appearing the equation are not fixed as in the robust control approach, but are
time-varying estimates of the true parameters. Substituting Equation (4.13) into

Equation (4.12) and express a, as

a; = ¢ — Ki(¢—q") — Kolg — ¢") (4.14)
Using the linear parameterization property, we can see that

~ ~

¢ + Kiqg + Kog = D7'Y(q,4,4)0 (4.15)

where Y is the regressor function and § = 6 — 6, where 6 is the estimate of the

parameter vector #. In state space we write the system as

¢ = Ae + BdO (4.16)
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where

0 I 0 .
A = , B = , ®=D7"Y(q,4,q) (4.17)
—-Ky —K; I

with Ky and K, chosen as before as diagonal matrices of positive gains so that A
is a Hurwitz matrix. Let P be the unique symmetric, positive definite matrix P

satisfying the matrix Lyapunov equation

ATP + PA = —Q (4.18)

Now, we are ready to introduce the nominal control and the adaptive con-

trol.[38]

Nominal Control System

For nominal control, we directly use the real system parameters. So, C (q,9)
and ¢(q) in the controller can be replaced by D(q), C(q,q) and ¢(q). Then the

controller becomes

u = D(q)ag(t) + Clq,q)q(t) +g(q) (4.19)

To verify the boundedness of all closed-loop signals and convergence of tracking error,
We choose Lyapunov Function

V =elPe (4.20)

where matrix P is a symmetric and positive definite matrix that satisfies Lyapunov

equation ATP + PA = —(@. Then, with the Lyapunov equation and the tracking
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error equation in Equation (4.16), we can see that V:

Vo= —ef'Qe
(4.21)
<0
where
e(t) = alt) ~ aalt) (4.22)
q(t) — da(?)

From the above equation, we can conclude that e(t) € LN L2 Thus, position
tracking error and velocity tracking error will converge to 0 in the end, that is,

lim;_,e(t) = 0.

Adaptive Control System

For adaptive control, the system parameters 6(¢) are unknown. W choose the

parameter update law as

6 — —I o BT Pe (4.23)

where I is a constant, symmetric, positive definite matrix. Then, global convergence
to zero of the tracking error with all internal signals remaining bounded can be shown

using the Lyapunov function
V = el'Pe + %GNTfé (4.24)

To see this we calculate V as
V = —¢TQe + §T{OTBTPe + I'f) (4.25)
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the latter term following since # is constant, that is, § = 6. Using the parameter

update law we have

V = —"Qe
(4.26)
<0

From the above equation, we can conclude that e(t) € L*NL? ¢ € L*™.
Thus, position tracking error and velocity tracking error will converge to 0 in the
end, that is, lim; . e(t) = 0.

In order to implement this adaptive inverse dynamics scheme, it requires that
the acceleration ¢ is need in the parameter update law and that D is invertible. The
need for the joint acceleration in the parameter update law brings a serious challenge
to the implementation. Acceleration sensors are noisy and introduce additional cost
whereas calculating the acceleration by numerical differentiation of position or ve-
locity signals is not feasible in most cases. The invertibility of D can be enforced
in the algorithm by resetting the parameter estimate whenever 6 would otherwise
result in D becoming singular. The passivity-based approaches that we treat next

remove both of these impediments. 38|

4.2 Designs without Joint Acceleration Measure-

ments

In real cases, joint acceleration measurements are available. However, the

algorithm will be extremely sensitive to the accuracy of measurements. So, we can
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use algorithm without joint acceleration measurements alternately, that is, we don’t
require ¢ to form controller. According to [12,17,18,39], we introduce the control
methods in the next parts.

To eliminate acceleration in control law, we first define new variables

v = ¢a—Ag—qa)

s = q4—v (4.27)

€ = (qd—dq4

We replace acceleration terms by new variables, dynamic equations can be transfered

into

D(q)$+C(q,q)s = u—D(a)r —C(q,q)v — g(q)
(4.28)

= u—Y(q,q4, 4, qa, Ga)0"

Where u is applied torque for the robot manipulator, Y (q, g4, 4, 4a, 4a) is called regres-
sor which is a known matrix, and 6* is system parameters matrix which is unknown

for adaptive control parts.

4.2.1 Nominal Control System

According to [39], when #* is known, we directly use it to form controller. The

nominal control law is

U(t> = Y(Qa qdd, Q7 Qd7 %)9* — KDS(t> 5 KD = K}; > (0 (429)
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Then the dynamic equations can be write as

D(q)s(t) + Clq,q)s(t) = —kps(t) (4.30)

To verify that the control law can guarantee signal boundedness and tracking
ability, we introduce following proofs. For signal boundedness and lim;_,, e(t) = 0,

we use Lyapunov function

Vis) = %STDS (4.31)

Then

= —s"(t)Kps(t) (4.32)

IN
o

where s is defined in (4.30), D is inertia matrix, Kp is a positive definite matrix we
decide.
With V' = 0 only when s(t) = 0, and V < 0 in all other cases, we can

conclude that

s(t) € L™, L?

For e, from s = ¢é 4 Ae, we can infer that

e(t) € L™, [* é € L™

So, the nominal control law guarantees that all the closed-loop signals are bounded,

and lim;_,, e(t) = 0.
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4.2.2 Adaptive Control System

According to [17,39], in adaptive approach, the parameter matrix 6(t) remains
unknown, which is a time-varying estimate of true parameter 8*. Then, we use

adaptive control law
u(t) = Y(q,q4, 4, d4a, Ga)0(t) — Kps(t) , Kp =K}, >0 (4.33)
And for computing #(t), the adaptive update law is
0(t) = —T7'Y(q,qa,¢, das Ga)"s(t), T =TT >0 (4.34)

Also, we provide a proof For signal boundedness and lim;_,, e(t) = 0, we use

Lyapunov function

1 .
V(s,0) = §($TDS—|—(9TF(9) (4.35)
Then we obtain

. 1 . .
V = sTDéésTDs—i—Qyﬁ

= —s"Kps+sTY0+ éT’yé
(4.36)

= —s"Kps

<0

Similarly, we can conclude
s(t) € L=, L% e(t) € L* L* ¢ € L™

So, the nominal control law guarantees that all the closed-loop signals are bounded,
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and limy_,, e(t) = 0.

4.3 Summary

In this chapter, we introduced the existing control methods of robot manipu-
lators. The first design is used when we have access to the joint accelerations. We
present designs of the nominal control and the adaptive control under this condition.
The second design is used when we want to avoid using the joint accelerations. We
also introduced the nominal and adaptive control methods for it. All designs in this
chapter aim at solving control problems with time-invariant parameters. Now, we are
ready to study on control designs for robot manipulator systems with time-varying

parameters in the next chapters.
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Chapter 5

Adaptive Control Design With

Uncertain Variable Parameters

In Chapter 3 and 4, we discussed the derivation of robot manipulator dynamic
equations and basic adaptive control methods. Especially in Chapter 4, we intro-
duced cases when system parameters are time-invariant, which happen when mass,
length of links, inertia and other related parameters remain unchanged. In Section
5.1, the expressions of dynamic with jumping parameters and control objective are
discussed. In Section 5.2 and 5.3, the nominal control scheme and adaptive con-
trol scheme are to be discussed respectively. A comparison study of existing control
scheme that introduced in Chapter 4 will be presented in Section 5.4. In the last

section, we will summarize the control objective and contributions of this chapter.
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VARIABLE PARAMETERS

5.1 Dynamic Model and Control Problem

Consider a robot manipulator system with time-varying parameters. The first
objective is to give the system dynamic model with changing parameters. It is also
significant to present our control problem and controller structure before the control

algorithm design.

5.1.1 System with Parameter Variations

In Chapter 3, we summarized dynamic configuration of robot manipulators. In
our study, the system parameters are changing during the working process. As shown
in Figure 5.1, for instance, when the robot arm holds one product with it, there is
a specific group of system parameters. Then the robot arm drops the product and
gains another group of system parameters. So, the mass, center of mass and inertia

are time-varying in the whole procedure.

the production line A the production line B the product production line A

1

Pick up a product from Carry the product to Lay down Move back to the

Figure 5.1: An example of working process

With the understanding of Figure 5.1, we will then discuss the dynamic
equations when system parameters are time-varying. General dynamic equations of

robot manipulators can be developed by the Jacobian matrix, especially for multiple
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links and complex relative coordinates. To show the procedures clearly, we also take
the two-link planar manipulator as an example, which is one of the most common
types of manipulator.

For general cases, consider a manipulator with n links, the dynamic equation

is expressed as

D(q(t),1)4(t) + Clq(t), 4(t), 1)q(t) + g(q(t), 1) = u(t) (5.1)

where ¢(t) € n x 1 is joint variables, D(q(t),t) € n x n is the inertia matrix,
C(q(t),q(t),t) € n x n is Christoffel matrix, and ¢(q(t),t) € n x 1 is the gravity
vector. All elements in these matrices are time-varying. The expression of these ma-
trices for a specific manipulator can be derived by the Jacobian matrix introduced
in Chapter 3.

For better observation, we use the two-link robot manipulator as the example,
which is one of the most common robot manipulators. In Figure 5.2, it shows the

configuration of the two-link planar elbow manipulator.

Figure 5.2: Planar elbow manipulator [38]
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All system parameters include mass of two links my (t) and my(t), the length
of two links [1(¢) and ly(t), the center of mass l.;(t) and l.(t), the inertia of two
links 7;(t) and I5(t), and gravity acceleration g. The new system matrices are rep-
resented by the inertia matrix D(q(¢),t), the Christoffel matrix C(q(t),q(t),t) and
the potential matrix g(q(t),t), which include time-varying system parameters m;(t),
li(t), l;(t) and I;(t) (i = 1,2) for all links, and joint angles ¢;(t) and angle velocities
Gi(t) (i =1,2). Then, we express the matrices in Equation (5.1) as

DY) = ma ()12 (£) + ma(t) (13 (t) + 12(8) + 2L1%(t) + 20 ()lea(t) cos ga) + 11(2) + La(t)

meo (t)(lé (t) + lllcg(t> COS QQ) + ]2(t)

ma(t)(1%(t) + l1le(t) cos qz) + Io(t)

ma(t)1Z(t) + (1)

(5.2)
o) = h(t)de (41 + g2)h(t) (5.3)
—q1h(t) 0
with
h(t) == —mg(t)ll(t)lcg(t) SiHQQ (54)

o) = (my(t)la(t) +ma(t)l1(t))g cos g1 + mao(t)lea(t)g cos(qr + ¢2) 55)
ma(t)le2(t)g cos(q1 + g2)

Now, all parameters in system matrices are time-varying. Specifically, we will
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regard them as piecewise constants, which will be discussed in the next section.

5.1.2 System Parametrization

Consider manipulators with time-varying parameters, we first organize all
terms in the equations, and express them by piecewise constants. We introduce

the indicator function y;(¢), which is defined as

1, ift ey
xi(t) = (5.6)
0, otherwise

where ¢ is time, €); is a specific working mode that we defined, and [ represents the
number of modes.

We consider that the information of t € €; is available, which means we know
when the parameters will change. So, the indicator function y;(¢) is known all the
time.

Before applying the indicator functions to our system, we first group all un-
known true system parameters into nine terms to reduce the number of unknown

terms, and define them as matrix 6*(¢) € 9 x 1:

0°(t) = (ma()IE (1) ma(O)(t) ma(t)ley(t) ma(t)a(t)lea(t) Li(2)
L(t) mi(t)la(t)g ma(t)u(t)g ma(t)la(t)g)" (5.7)

= (61(t) B5(1) 63(¢) B3(1) 63(¢) G5(1) 63(¢) 65(1) 65(¢))"
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Next, we apply the indicator function x;(t) to 6*(t) to express system param-

eters as piecewise constants. All terms in 6*(¢) are expressed as

oi(t) = Z%xz 05(t) = 292»@

03(t) = Z%Xz() Oi(t) = Z%Xz()

o5(t) = Z%xz() O5(t) = Z%Xz() (5-8)
0:(t) = Z%xz() O3(t) = Z%Xz()

O5(t) = Z%m()

where 05, (k=1,2,...9, i =1,2,...1) is the nominal parameter of 0(¢) in mode i.
Now, the true system parameters are expressed as piecewise constants. There are [
working modes. Under each mode, the system have nine groups of parameters which
are constants. But between different modes, the values of parameters are changing.

For each mode, 6}, are given as

*x 2 * 2

01, = muls,;, 05 = moli;

* 2 *

931‘ = inZCQia 941‘ = mailiilei

* *

Os; = T, Og = Iy (5.9)
* *

97¢ = maleag, 9&' = Mmailig

*

0y, = Mmaileig

where my;, Mao;, lliu lcliy lcgi, Ili and IQZ‘ are the true values in mode i.

Equations (5.8-5.9) indicate the system parameters are piecewise constant. In
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each mode, parameters remain constant. But in different modes, parameters are
changing. We use the indicator functions to determine which mode is the current
one. According to Equation (5.6), the indicator functions are known.

Then, we substitute 6*(¢) in Equation (5.8) to the inertia matrix D(q(t),1),
the Christoffel matrix C(q(t),¢(t),t) and the potential matrix g(q(t),¢) in Equation

(5.2-5.5). They are expressed as

07 (t) + 05(t) + 03(t) + 203(2) cos(qa) + 05(1) + 05(¢)

D(Q<t)7t) -
03(t) + 01 (t) cos(ga) + 05(1)
(5.10)
0% (t) + 05 (t) cos(qo) + 05 (t)
03(t) + 05(t)
Clat) ity — | )R i) @ ) (5.11)

0 (t) sin(qa) s 0

(07(2) + 05(t)) cos g1 + 05(t) cos(qr + g2)
9(q(t),t) = (5.12)
05(t) cos(q1 + g2)
For general cases, an n-link manipulator, there exists an n x m function

W{(q(t),q(t),{(t)) and an m-dimensional vector ®*(¢) such that the left side of Equaa-

tion (5.1) can be written as

D(q(t),1)q(t) + Clq(t), 4(t),t)4(t) + g(q(t), 1) = Wi(q(t),4(t), 4(£))2*(t)
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where W (q(t),q(t),¢(t)) is called the regressor, which only contains joint variables.
Similar to 0*(¢) in Equations (5.8-5.9), ®*(t) = (¢5(t), ..., ¢7,(t))T is the true param-
eter vector with ¢*(t) = S20_, ¢%xi(t) (z = 1,...,m) and ¢F = (%, @5y, s 050)7
and ¢%; to be the true parameter of ky, parameter in mode i. Matrices D(q(t),t)G(t),
C(q(t),q(t),t) and g(q(t),t) can be expressed only by ¢%(t) and joint variables as
shown in Equations (5.10-5.12).

Now, the dynamic model of two-link manipulators is given by Equation (5.1)
and (5.7-5.12), and the general one is given by Equation (5.13). Our control problem
is to design the controller structure and adaptive control law for the new robot ma-
nipulator model, that ensures the desired system stability and asymptotic tracking
properties. With the dynamic model in this section, we are ready for the design of

controller structure.

5.2 Controller Structure and Tracking Error Equa-
tion

Our control object is designing a controller to make the joint angles and joint

velocities of robot manipulators to track reference signals, and make the manipulator

stable at the same time. In the whole process, true systems parameters 0*(t) stay

unknown.
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5.2.1 Controller Structure

We first study on the controller structure of two-link manipulators. We de-

fine matrices D(q(t),t), C(q(t),q(t),t) and §(q(t),t) as the estimates of D(g(t),t),

C(q(t),q(t),t) and g(q(t),t) in Equation (5.10-5.12). They are expressed as

. 01(t) + Oo(t) + O5(t) + 204(t) cos(ga) + 05(t) + Os(t)

D(q(?),t) =
! 93 (t) + 94 (t) COS(C]Q) + 96 (t)
(5.14)
O5(t) + 04(t) cos(qa) + 6(t)
O5(t) + (1)
ClaD). (0. 1) = —04(t) sin(gz2)g2  0a(t)sin(gz)(¢1 + G2) (5.15)

04(t) sin(qa) 0

S0 = (07(t) 4 0s(t)) cos q1 + O9(t) cos(q1 + ¢2) (5.16)
Oy(t) cos(q1 + q2)

where 0,(t) (k= 1,2,...,9) are the estimates of true parameter 6;(t) (k =1,2,...,9)

in Equation (5.9). We group them into one matrix 6(¢):

0(t) = (61(t) O2(1) Os(t) 0a(t) O5(t) b6(t) O(t) bs(t) O (t))" (5.17)

System parameters that contained in them are estimates 6(¢) of nominal system
parameters 0*(t). They are also time-varying, but not piecewise constants. Similar

to 6*(t), we also apply the indicator functions to 6(t):
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0.(t) = ;l;%(t)xi(t), 0>(t) = ;Z;in(t)xi(t)

O3(1) = 293z(t)xi(t), 0u(t) = g%(?ﬁ)xi(ﬂ

05(t) = Z_Z;Gm(t)xi(t)a Os(t) = Z_l;%i(t)xi(t) (5.18)
0:(1) = gen(t)xi(t)a Os(t) = Zﬁsz(t)xi(t)

Oo(t) = g%i(t)xi(t)

where 0y;(t) (k=1,2...,9, i = 1,2,...,1) are the estimates of 0},(¢) in Equation (5.9)
respectively.
Estimated value 6(t) is used in the controller structure. In Section 5.3, we will

discuss the adaptive laws of updating 6(t). Now, we consider the controller structure

~

u(t) = D(q(t).t)ag(t) + Cla(t),q(t),1)q(t) + gla(t),t) (5.19)

where the term a,(t) is defined as

ag(t) = Ga(t) — Ki(q(t) = da(t)) — Kolg(t) — qa(t)) (5.20)

where Ky and K are diagonal and positive gain matrices.
For general cases, D(q(t),t), C(q(t),§(t),t) and §(q(t), t) can expressed only by

¢.(t), the estimates of true parameters, and joint variables. The controller structure
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can be expressed as

~

T(t) = D(®(t),q(t)ag(t) + C(O(t),q(t),q(t)d(t) + §(@(t),qa(t)  (5.21)

where ¢,(t) = 22:1 ¢.i(t)x:(t) (z =1,...,m), with ¢,;(t) to be the estimates of the

*
z

true parameter ¢, in mode i, m denotes the number of groups of parameters, [

denotes the number of modes.

5.2.2 Tracking Error Equation

We define (t) = q(t) — qa(t), ¢(t) = G(t) — qa(t), where gq(t) and gq(t) are
the desired joint angle and joint velocities. We can get the desired values from a set
trajectory. We also define D(t) = D(q(t),t) — D(q(t),t), C(t) = C(q(t),q(t),t) —
C(q(t),q(t),t) and g(t) = g(q(t),t) — g(q(t),t). With Equation (5.1), (5.19) and the

knowledge of D(t) is invertible, we can compute that

G(t) + Krg(t) + Kog(t) = D™H(D(®)i(t) + C(1)d(t) + 3(t))

(5.22)
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With the linear parameterization property that the system parameters appear
as coefficients of known function of joint variables, we can get a linear relationship
result l
D()i(t) + C(B)d(t) +3(t) = Y ¥(a,dD0:()xi(t) (5.23)

i=1
where 0;(t) = 6;(t) — 6%, with 8 = (%,,65,, ...,6%,)7 being the constant system pa-
rameter vector for mode i, and ;(t) = (015(t), 0a:(t), ..., 09;(t))T being its estimate,

and regressor Y (q, ¢, q) can be got by expanding all terms in the left of Equation

(5.23), and grouping all joint variables into one matrix. Y (q, ¢, §) is given as

Gi Gi g1+ Ga cos(q2) (241 + Ga) — sin(q2) (3 + 2¢1G2)

Y(q,4,4) =
0 0 4¢+d cos(g2)d1 + sin(gz) g7
(5.24)
G G+ G2 cos(qr) cos(qr) cos(qr+ q2)
0 g1+ 4o 0 0 cos(q1 + qo)
Then, we substitute Equation (5.21) into (5.20), we can see that
. . l A ~
Q) + Kig(t) + Kodlt) = Y D7(t)Y (a,4, @):(t)xi(t) (5.25)
i=1
where D7 !(t) uses the estimate 0;(¢) for mode i, which is defined as
bl = 01:(t) + O2:(t) + O3:(t) + 2045(t) cos(qa(t)) + O5i(t) + Oe:(?)
03i(t) + 0.4i(t) cos(qa(t)) + Oei(t)
(5.26)

931‘ (t) + (941' (t) COS(QQ (t)) + ‘961' (t)
931'(75) + 06i(t)
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Next, we define the position tracking error and velocity tracking error in the

vector e(t):

o(t) q(t) — qa(t) _ q(t) (5.27)

G(t) — qa(t) q(t)

Now, we get the tracking error equation é(¢) from Equation (5.25) and (5.27)

as
I
é(t) = Ae(t) + BY_ D7'(t)Y(q.4.§)0:(t)xi(t) (5.28)
i=1
where
0 I 0
A = , B = (5.29)
-K, —K; I

with Ky and K7 chosen as before as diagonal and positive gain matrices so that A
is a Hurwitz matrix. Let P be the unique symmetric, positive definite matrix P

satisfying the matrix Lyapunov equation
ATP + PA = -Q (5.30)

where @ is constant and Q = QT > 0.

Similar to the two-link manipulator, we now consider am n-link manipulator.
As defined in Equation (5.13), we group all system parameters into m groups, and
use z to denote the zy, group of parameters. The system parameter matrix is ¢} (t) =
(%, 51,y 05) T, and W(q, ¢, G) is the regressor that only contains joint variables.

The tracking error equation of general cases is given as

ét) = Ae(t) + BZD;1(¢i(t)aQ(t>>W(Q7Qad)¢i(t)Xi(t) (5.31)
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where D;(¢;(t),q(t)) is the estimate of D(q(t),t) in mode 4, ¢;(t) = ¢;(t) — ¢* is the
parameter estimate error.

Now, the controller structure is ready for further design of nominal control and
adaptive control. We will provide control design, stability analysis and simulation

study of both of them in the next sections.

5.3 Nominal Control System

For nominal control, all system parameters are know, so 65, (k=1,2,...,9, | =
1,2,...,1) in Equation (5.9) are known. We use 6*(¢) to substitute #(¢) in the matrices

of the controller structure in Equation (5.15-5.16). The controller structure becomes

u(t) = D(q(t),t)aq(t) + Clq(t),4(t), 1)q(t) +glq(t),t) (5.32)

Now, D(q(t),t), C(q(t),q(t),t) and §(q(t),t) in the controller actually become
D(q(t),t), C(q(t),q(t),t) and g(q(t),t) in Equation (5.10-5.12) which contain true

value of all system parameters.

5.3.1 Stability Analysis

To verify the boundedness of all closed-loop signals and convergence of tracking

error, we use é(t) in (5.28), which becomes
é(t) = Ae(t) (5.33)
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Since

where Ky and K; are diagonal and positive. We can get position tracking error
e1(t) = §(t) and velocity tracking error es(t) = ¢(t) satisfy

alt) = el (5.34)

é1(t) = —Koer(t) — Kqea(t)

which implies that lim; ., e(t) = 0, with positive definite Ky and K; and stable
A.

5.3.2 Simulation Study

In this section, we will study simulations of two typical working conditions of
the planar elbow robot manipulator. In both cases, parameters are known at this

time.

Cases with Repetitively Jumping Parameters

In this case, we set two working modes for the two-link planar manipulator,
and make the modes switch back and forth every 10 seconds. The working process
is the manipulators repeat picking and dropping the same kind of commodities.
The system parameters are given below. In mode 1, the manipulator is in normal

conditions. In mode 2, the manipulator holds a commodity by link 2.
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For simulation, the whole process is 50 seconds long. The initial values of joint

Table 5.1: Parameters of Case I (nominal control)

Parameters (unit) Mode 1 Mode 2
Mass of link 1: m; (kg) 1 1
Mass of link 2: my (kg) 2.8 3
Length of link 1: [; (m) 1 1
Center of mass of link 1: I, (m) 1/2 1/2
Center of mass of link 2: I (m) 0.9 1
Inertia of link 1: I (kg - m?) 1/12 1/12
Inertia of link 2: I (kg - m?) 0.37 2/5
Gravity acceleration: g (m/s?) 9.8 9.8
e diag{100, 1007 | diag {1000, 1000}
e diag{100, 100} | diag{1000, 1000}
variables are (q1,¢2,q1,¢2)|i=0 = (1,1,—m,—m). The desired joint variables are

qa(t) = qae(t) = sin(nt).

Simulation results
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Figure 5.3: Position tracking error (Case I: nominal control)
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Figure 5.4: Velocity tracking error (Case I: nominal control)
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Figure 5.5: System parameters 6*(¢) (Case I: nominal control)
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Figure 5.6: Control inputs (Case I: nominal control)
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Figure 5.3 and 5.4 show the errors of joint angles and joint velocities. We can
see that the plot converge to zero quickly, and remain stable to the end of simulation.
In figure 5.5, we present the variations of 65 (t)(k = 1,2,...,9). All 6;(¢) that contain
changing parameters in Table 5.1 have similar variation plots.

As shown in the Figures 5.2-5.5, the system is stable, and the tracking object

is realized.

Cases with Time-Varying Parameters

In this case, we will simulate a whole working process with four procedures. For
four modes, we switch one mode to another every 20 seconds. The whole simulation
is 80 seconds long.

For simulation, the whole process is 80 seconds long. The initial values of
joint variables are (q1,q2,G1,G2)|t=0 = (1,1, —m,—m). The desired joint variables

are qq(t) = qa2(t) = sin(mt).

Simulation results
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Table 5.2: Parameters of Case II (nominal control)

Parameters (unit) Mode 1 | Mode 2 | Mode 3 | Mode 4
Mass of link 1: m; (kg) 1 1 1 1
Mass of link 2: mgy (kg) 3 6 2.8 3
Length of link 1: ; (m) 1 1 1 1
Center of mass of link 1: I, (m) 1/2 1/2 1/2 1/2
Center of mass of link 2: I (m) 1 1 0.9 1
Inertia of link 1: I; (kg -m?) 1/12 1/12 1/12 1/12
Inertia of link 2: I, (kg - m?) 2/5 4/5 0.37 2/5
Gravity acceleration: g (m/s*) 9.8 9.8 9.8 9.8
diag{100, 188 | giaggion, 118
Ky tooy | {1000, | SHERTH {1000,
1000} 1000}
diag{100, 188 | giaggio0, 18
K tooy | {1000, | AT {1000,
1000} 1000}
position tracking error
1 T T T
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time
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Figure 5.7: Position tracking error (Case II: nominal control)
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Figure 5.8: Velocity tracking error (Case II: nominal control)
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Figure 5.9: System parameters 6*(¢) (Case II: nominal control)
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Figure 5.10: Control inputs (Case II: nominal control)

Figure 5.6 and 5.7 show the errors of joint angles and joint velocities. We
can see that the plot converge to zero quickly, and remain stable to the end of the
simulation. In figure 5.8, we present the variations of 6;(¢)(k = 1,2,...,9). All 0;
that contain changing parameters in Table 5.1 have similar variation plots.

As shown in the Figures 5.6-5.8, the system is stable, and the tracking object

is realized.

61



CHAPTER 5. ADAPTIVE CONTROL DESIGN WITH UNCERTAIN
VARIABLE PARAMETERS

5.4 Adaptive Control System

For adaptive control, system parameters remain unknown. We first study on
the control of two-link manipulators. We use estimated values 6(t) in Equation (5.17-
5.18) in the controller structure. Also with D(q(t),t), C(q(t),q(t),t), §(q(t),t) in
Equation (5.14-5.16) and a,(t) in Equation (5.20), the controller structure is given

in Equation (5.19) that

N

u(t) = D(q(t), t)ag(t) + Clq(t),4(1),)q(t) + §(q(t), )
Now, we design the adaptive law for updating 0(t) as

Ori(t) = —Tra((D7' ()Y (£))" B Pe(t))rxi(1)
(5.35)

where the notation (- ), means the k th row of the matrix (), x;(¢) is the indicator
function that is defined in Equation (5.1), i indicates the working mode, D7 !(t) is
defined in Equation (5.26), Y is the regressor in Equation (5.24), A and B are defined
in Equation (5.29), P comes from Lyapunov equation in Equation (5.30). I'y; is a
positive constants for the k;, parameter in mode i.

Similarly, for general cases, we can express the update law for parameter esti-

mates ¢.;(t)(z =1,2,...,m) as

0:i(t) = = Tual(D; (0aa(t), q(8))W (1) BT Pe(t)).xa(t)
(5.36)
(z=1,2,..m, i=1,2,....1)
where i indicates the working mode, D }(t) is the estimate of D(q(t),t)~" in mode
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i, W is the regressor generated from Equation (5.13), A and B are defined in Equa-
tion (5.29), P comes from Lyapunov equation in Equation (5.30). [',; is a positive

constants for the z;, parameter in mode i.

5.4.1 Stability Analysis

Before applying our algorithm, it is significant to examine stability. We first

review the tracking error equation in Equation (5.31):

&(t) = Ae(t) + B, D7 (ei®), at)W (g, d. @)di(t)x(t)

where e(t) is tracking error, A and B are defined in Equation (5.29), D;(t) is

the estimate of D(q(t),t)™! in mode i, W(q,q,q) is the regressor generated from

A

Equation (5.13). Specifically, for two-link manipulator, D),

, is given in Equation

(5.26), W(q,4,4) = Y(q,4,§) is given in Equation (5.24), and ¢(t) = () is the
parameter error.
With the adaptive update law in Equation (5.36), we choose Lyapunov function

as
l

Vo= e"Pe + Y (305 + 1505 + .. + Tidn,) (5.37)

i=1
with the Lyapunov matrix P = PT > 0 satisfying ATP + PA = —Q for some
Q = QT > 0, the tracking error equation in Equation (5.31), and the adaptive law

in (5.31), we get V as
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l 2 ~ ~ ~ ~
V o=2eTPe+2 Z(Fﬂlégucgu + 15 Goidai + oo + Ut Dniimi)
i=1
l ~ A ~
i=1
A ~ L ~ ~ ~ ~ ~ ~
+ (BD;Y ) momixi(t))) + 2 Z(Fﬂlcbuﬁbu + T3, G202 + o + Ty i Omi)

=1

l
= —e"Qe+2> (((¢"PBD;'Y)ixi(t) + Ty dri)dni + ...
=1

+ ((e"PBD;YY ) xi (1) + Tk o) i)
= — e’ Qe
<0

(5.38)

From the above equation and the tracking error equation in Equation (5.25), V'
equals to zero only when e is zero. We can conclude that e(t) € L*°NL?, é(t) € L™.
Then, with the Barbalat lemma, the position tracking error and velocity tracking

error will converge to zero, that is, lim;,. e(t) = 0.

5.4.2 Simulation Study

Similar to the nominal control parts, we will study on the simulation of planar
elbow robot manipulators in two cases. At this time, true values of system parameters
remain unknown, and parameters we set are only for the simulation needs. They

will not be used in our controller structure and the adaptive law.

64



CHAPTER 5. ADAPTIVE CONTROL DESIGN WITH UNCERTAIN
VARIABLE PARAMETERS

Cases with Uncertain Repetitively Jumping Parameters

For better observation, we set two working modes, and make the modes switch
back and forth every 10 seconds. The system parameters are given below. In mode
1, the manipulator is in normal conditions. In mode 2, the robot manipulator picks
some commodities by link 2.

For simulation, the whole process is 100 seconds long. The initial values of

Table 5.3: Parameters of Case I (adaptive control)

Parameters (unit) Mode 1 Mode 2
Mass of link 1: m; (kg) 1 1
Mass of link 2: ms (kg) 6 3
Length of link 1: [; (m) 1 1
Center of mass of link 1: I,y (m) 1/2 1/2
Center of mass of link 2: 5 (m) 1 1
Inertia of link 1: I; (kg - m?) 1/12 1/12
Inertia of link 2: I, (kg - m?) 4/5 2/5
Gravity acceleration: g (m/s?) 9.8 9.8
diag{1000, :
Ky 1000} diag {100, 100}
diag{1000, :
K 1000} diag{100, 100}
joint variables are (q1, g2, G1,G2)|i=0 = (1,1, —m, —7). The desired joint variables are

qa1(t) = qa2(t) = sin(wt). AIIT; = diag{0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001, 0.001},
() = diag{0.01,0.01,0.01,0.01}. For better observation, we set the initial parameter

estimations to be 80% of the nominal values, that is, 0y;(t)|i=0 = 80%6;,.

Simulation results
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Figure 5.11: System parameters 6*(t) (Case I: adaptive control)
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Figure 5.13: Joint velocities contrast with desired joint velocities (Case I: adaptive

control, 6;(0) = 80%0)
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Figure 5.14: Position tracking error (Case I: adaptive control, 6;(0) = 80%#6;)
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Figure 5.15: Velocity tracking error (Case I: adaptive control, 6;(0) = 80%06})
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In Figure 5.9 and 5.10, the plots show that the real trajectory can track the desired
trajectory. As shown in the Figure 5.11 and 5.12, all errors converge to zero. The
real joint angles and velocities can track the desired ones asymptotically. Especially,
we can see that disturbance is getting smaller even though the modes keep changing.

We can conclude that our control algorithms realized the control objective.

Cases with Uncertain Time-Varying Parameters

We also have this four-mode simulation for a whole working procedure. We
switch one mode to another every 10 seconds. The whole simulation is 40 seconds.

For simulation, the whole process is 40 seconds long. The initial values of

Table 5.4: Parameters of Case II (adaptive control)

Parameters (unit) Mode 1 | Mode 2 | Mode 3 | Mode 4
Mass of link 1: my (kg) 1 1 1 1
Mass of link 2: ms (kg) 3 2.8 6 3
Length of link 1: [; (m) 1 1 1 1
Center of mass of link 1: 1y (m) 1/2 1/2 1/2 1/2
Center of mass of link 2: 1o (m) 1 0.9 1 1
Inertia of link 1: I; (kg - m?) 1/12 1/12 1/12 1/12
Inertia of link 2: I (kg - m?) 2/5 0.37 4/5 2/5
Gravity acceleration: g (m/s?) 9.8 9.8 9.8 9.8
diag{100, 188 | giaggio0, 128
Ky tooy | {1000, | AT {1000,
1000} 1000}
© diag{100, U8 | Giagfi00 128
. Yooy | {1000, | LT {1000,
1000} 1000}
joint variables are (q1, g2, G1,G2)|t=0 = (1,1, —m, —7). The desired joint variables are
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qu(t) = qa(t) = sin(rt). AT = diag{0.001,0.001,0.001,0.001,0.001,0.001,0.001, 0.001, 0.001},
Q = diag{0.01,0.01,0.01,0.01}

Simulation results
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Figure 5.17: System parameters 6*(t) (Case II: adaptive control)
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Figure 5.18: Joint angles contrast with desired joint angles (Case II: adaptive control,

0;(0) = 80%67)
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Figure 5.19: Joint velocities contrast with desired joint velocities (Case II: adaptive

control, 0;(0) = 80%0})
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Figure 5.20: Position tracking error of adaptive control (Case II: adaptive control,

0,(0) = 80%07)
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Figure 5.21: Velocity tracking error of adaptive control (Case II: adaptive control,

0,(0) = 80%07)
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Figure 5.22: Control input u(t) (Case II: adaptive control, 6;(0) = 80%6;)

As shown in Figure 5.13-5.16, the real joint variables can track the desired trajectory.
Position tracking error and Velocity tracking error converge to zero in each modes.

So, we can conclude that our control design realize the control objective.

5.5 Comparison Study

To have a better observation of the technical improvements in this chapter,
figures below show the simulation results that use the existing control methods that
were introduced in Chapter 4. The existing control methods did not aim at the

problem of time-varying parameters, so they just have one controller for the whole
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working process. It results in repeating stabilization work of the controller.
For simulation, we use the same parameters in Table 5.3, which is for cases
with uncertain repetitively jumping parameters. The initial estimate 60;(t) are 80%

of the true values 6. The mode also switches to another one every 10 seconds.

Simulation results
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Figure 5.23: Position tracking error (Case I: the existing adaptive control, 6;(0) =
80%07)
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velocity tracking error
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Figure 5.24: Velocity tracking error (Case I: the existing adaptive control, 6;(0) =
80%07)

As shown in Figure 5.17 and 5.18, convergence progresses are repeating every
time the modes changing. We can see that after the first period, the plots remain
the same patterns. Compared with Figure 5.11 and 5.12, the disturbance vibration

in above figures will not decrease as time goes on.

5.6 Summary

In this chapter, we first discussed the expressions of dynamic with jumping

parameters and control objective in Section 5.1. Then, we studied on the nominal
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control scheme and adaptive control scheme in Section 5.2 and 5.3 respectively.
In each of them, we present stability analysis and simulation study of two typical
working cases. A comparison study of existing control scheme that introduced in
Chapter 4 is also discussed in Section 5.4. The simulation of our control design
shows that the controller structure and adaptive laws guarantee asymptotic tracking
ability, and the disturbance of switching modes decreases as time goes on. Thus, we

can conclude that the control objective is achieved.
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Chapter 6

Conclusions and Future Topics

6.1 Summary and Conclusions

In this thesis, in order to solve the problems of time-varying system parameters
for robot manipulators, we studied two conditions which are cases with and without
joint acceleration measurements. In Chapter 5, the model of robot manipulators
with time-varying and control method with joint acceleration measurement is given.
Simulation results for nominal control and adaptive control were offered. We also
show a comparison work of previous control methods. For all simulation works
above, we use two-link planar manipulator to do the corresponding simulations, and
the results illustrate the effectiveness of the adaptive control for jumping parameters.

From this research, we can obtain the following conclusions:

(i) Study of robot manipulator control with uncertain time-varying pa-

rameters is crucial, which can help reduce material fatigue, extend
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service life and enhance operation accuracy.

(ii) Our control designs with joint acceleration measurements achieve
the control objective that the joint variables can track the desired
ones asymptotically. Meanwhile, we can observe the disturbance gets

smaller as time goes on.

6.2 Future Research Topics

In our thesis, we discussed adaptive control of robot manipulators with uncer-
tain piecewise parameters, which is a promising area. However, the research area is

not mature, and many challenges still need to be overcome.

(i) In our model, we did not include cases of flexible joint. It is a common
model in today’s robot manipulators. We can often see this structure
in industrial robots. The study includes flexible joint control can

increase the performance and meaning of control design.

(ii) The study of adaptive actuator failure compensation for robot ma-
nipulator control is a significant and promising topic now. It can
greatly enhance the performance of control design and the robustness

of the system.

(iii) In our thesis, we study the adaptive control for robot manipulators

with uncertain variable parameters, which uses joint acceleration in
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the control design. In many cases, joint acceleration measurements
are not available and hard to be accessed. So the study of adaptive

control without joint acceleration measurements is also meaningful.
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