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Abstract

This research develops a new adaptive actuator failure compensation algorithm
for control of a cooperative robotic system subject to uncertain actuator failures. The
robotic system has two manipulators to balance a rigid platform, and the right-side
manipulator contains one actuator and the left-side manipulator has two actuators
(one of which may fail during system operation, but it is uncertain how much, when
and which actuator may fail). The developed adaptive actuator failure compensation
scheme, based on adaptive integration of three individual failure comepnsators and
direct adaptation of controller parameters, is capable of ensuring desired closed-loop
stability and asymptotic output tracking, despite the failure uncertainties. A general
design procedure is derived, and simulation results verify the desired adaptive failure

compensation control performance.
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Chapter 1

Introduction

Cooperative manipulator robotic systems play a critical role in many projects
such as search and rescue operations, space explorations, and underwater missions.
In those applications, robotic systems have to operate in extreme environments [1,2],
which actuator failures are likely to occur. Since the robotic systems are used for
important tasks [3,4], failures may cause severe consequences. In order for the system
to be able to function reliably, we need a controller that can still achieve certain
desired properties when failure occurs. There are many ways to design a controller
that can improve the robustness of a robotic system [5,6,7,8,9]. Although literatures
propose different algorithms to solve the problem, most of them rely on knowledge of
the actuator failure. However, it may often be difficult to efficiently identify failures
within robotic systems in real time. Thus, an adaptive actuator failure compensation
scheme, which can operate without the knowledge of actuator failure, is a significant

research topic.

1.1 Literature Review

There are many studies that focus on adaptive actuator failure compensation
schemes such as the neural network control [10,11], sliding-mode control [12,13], and

an adaptive actuator failure compensation scheme for a near space vehicle [14]. Within
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the robotic field, there are also several important literatures that are directly related
to adaptive actuator failure compensation algorithms such as control of a precision
pointing hexapod [15], adaptive coordinated controller scheme [16], redundance ma-
nipulator system [17]. However, those studies only consider increasing redundancy
of the robotic system by using additional manipuilators, which may not be viable in

some robotic systems such as in humanoid robots.

In this thesis, we develop a new adaptive actuator failure compensation scheme
to control a cooperative manipulator robotic system. The algorithm directly use re-
dundancy of the system from additional joints on a manipulator to ensure desired
closed-loop stability and asymptotic output tracking of the system subject to uncer-
tain actuator failure. Since adding joints on a manipulator will significantly change its
dynamic model, we will first derive the dynamic model of a cooperative manipulator
system with an additional joint. Then, we will design an adaptive actuator failure

compensation scheme for the robotic model with redundant actuators.

1.2 Organization of Thesis

The thesis is organized as follows. In Chapter II, we introduce the fundamental
background in robotic and adaptive control. In Chapter III, we study an adaptive
actuator failure compensation scheme based on a cooperative robotic manipulator
system. Chapter III is divided into five sections as follows. In Section I, we begin
our research by formulating the problem with the discussion of actuator redundancy,
control objective, and actuator failure model. In Section II, the dynamic model of
a cooperative robotic system is developed using the Euler-Lagrange equation. In
Section III, we design a nominal controller for the system in a nominal situation in

which the knowledge of actuator failure is known, to construct the controller structure
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and parameterization for failure compensation. In Section IV, the adaptive control
scheme is developed based on the nominal controller structure, for the case of un-
certain actuator failure. Finally in Section V, the simulation results of the control
scheme are presented to confirm the effectiveness of the design. In Chapter IV, we
expand our knowledge of the adaptive actuator failure compensation scheme onto a
generalize model of cooperative robotic systems by developing a design procedure,

which can be used with various cooperative manipulator robotic systems.
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Chapter 2

Background

The focus of this thesis is to develop an adaptive actuator failure compensation
scheme to control a cooperative manipulators systems subject to uncertain actuator
failure, which required background knowledge from robotic and adaptive control field
of study. The chapter begin with the discussion of Euler-Lagrange equation, which is
a fundametal principle used for developing a dynamic model of a robotic system. We
then discuss a simple second-link robotic manipulator, which will provide a general
idea about dynamic model of a robotic systems. Finally we will explore the basic

technique used in adaptive control and the robotic field.

2.1 Euler-Lagrange Equation

Euler-Lagrange equation is one of the most important equation in developing
a dynamic model for a robotic system. Because a robotic system is a machanical
system, it must follow the principle of conservation of energy. This mean that if there
is no external enegy applied to the system, the summation of potential and kinetic
energy will always remain the same, regardless of how the system is changed. On the
other hand, if we applied any external energy to the system, the change in potential
and kinetic energy of the system will be equal to the amount of enegy we put into

the system [18].
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In order to understand how can we use the Euler-Lagrange equation to develop
a dynamic model for a robotic system, we start by studying a single-link robotic

manipulator system, which is one of the most fundametal system in the robotic field.

Let consider 6, 6,, as angles of a link and a motor of a single-link robotic manip-
ulator system. J,,, J; as the moment of inertia of the motor and the link accordingly.

We clearly can see that the system will has its kinetic energy equation as follows
|

Now we consider the potential energy of the system. This potential energy will be
depended on the position of the robot. Since we let 8, be the angle of the system we
will need to consider the gear ratio in order to get the real angle of the link 6;,. For n

represent the gear ratio of the robot arm we can calculate the potential energy as
O,
V = Mgl(1 — cos —), (2.2)
n

where M is the mass of the link, g is the gravity, and [ is the length of the robotic

arm.

With the potential energy and kinetic energy of the system, we can now derive

the total energy of the system. The Lagrangian becomes

1 Ji

. 0,
L= §(Jm+ )02 + Mgl(1 — cos 7) (2.3)

n2

In the robotic field we usually write the equation in the following form so that we
can analyze the system more effectively, so we will write the dynamic equation in the

form
7= D(q)j+ C(q,4)q + g(q)- (2.4)

6
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As a result, the Euler-Lagrange equation becomes

. Mgl, . O
= Jot D M9 i Oy, (2.5)
n n n

Let u be the input of the system, Bmém and Blél be the damping torques, we will

have the dynamic equation for single-link robot manipulatior system as

B -
u = Ab,, + Bb,, + C'sin (9—’”), (2.7)
n
where
Ji
A=J,+ n—; (2.8)
By
B =B, + — (2.9)
Mgl
o=29 (2.10)
n

With the dynamic model for a robotic system, we can start develop a control

scheme in order to control the system.



2.2. DYNAMIC MODEL OF A MANIPULATOR SYSTEM 8

2.2 Dynamic Model of A Manipulator System

In order to gain a better understanding of the dynamic model of robotic system,
we expand our knowleage of Euler-Lagrange equation to a more complicated robotic
manipulator system, that is the second-link planar elbow robotic manipulator. One
thing that we need to keep in mind is that the system of robot manipulator is a
non-linear system; however, in this case we can define saparate paremeters to obtain

linear relationship between each state of the system [41].

The first step to obtain dynamics of the robot manipulator is to find the Euler-
Lagrange equation for the system. In order to do so, we will need to get kinetic
and potential equation of the system similar to the previous case. For planar elbow
manipulator with joint angle, we will define the parameters in the system as follows.
0; will be the angle of each joint, mass and lenght of each link will be represented as
M;, and [; accordingly. The distance from a joint to the center of mass of that joint

will be [.;. With this we can derive kinetic enegy from velocity of each link as

Figure 2.1: second-link planar elbow robotic manipulator.
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Vei = Jei, (2.11)
where J,; represent the jacobian matrix of the system
—lgsing; O
Ja=1|lacosgl O (2.12)
0 0
For the second link, we have the jacobian matrix as
—lising —le2sin (g1 + ¢2) —leosin (g1 + go)
Jeo = | licosqr +1c2cos (q1 + q2)  leacos (1 + ¢2) (2.13)
0 0
We can derive matrix D(q) in the robotic dynamics equation as
L+ 1, I
D(q) = MyJL Jo + My Jb o+ (2.14)
P I
For potential energy we have the summation of each link in the system
V=V+W (2.15)
= (Ml + Msle)gsing + Malogsin (g1 + go). (2.16)
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With this matrix C(q, ¢) becomes

(=Mslyleasings)qy  (—Malileosings)(q1 + g2)
C = : (2.17)
(Maslyleo sin go) gy 0

The dynamic of the second-link planar system can be written in the form

u=D(q)j+ C(q,q)q+ 9(q) =Y (q,4,G)p. (2.18)

If we define p as the saparate variables of the system in order to obtain linear rela-

tionships of each parameter in the system. We define each value of p; as

p1 = M2 pa = Myl Lo pr = Milag
p2 = Ml? ps = 11 ps = Mslig (2.19)
ps = Ml pe = 1o Py = Maleag.

We finally obtain

u=Y(q,4q,q)p, (2.20)

where

o G G Gi+dy 2008 (gagr) + cos (gaga) — 28in (g2q1G2) — sin (g2g2”)
Y(q,4,4) =
0 0 g1+ cos (g241) + sin go

¢ G+ dx cosqr cosqr cos(qr+ qo)
(2.21)

G ¢ 0 0 cos(q+ q)

We can notice that because the system is non-linear, we need to use up to nine

10
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parameters in order to create a dynamic model that we can work with. In this case
we assume that we do not know any information of each parameter. However, usually
we can get some information such as the length and mass of each link. With such

information we can reduce order of the dynamic system significantly.

2.3 Simple Joint Control Scheme

Once of the most important factor in robotic is that we need to be able to control
motion of robots, so that it can function properly. In this section, we will investigate
a simple control scheme for a robotic manipulator. First we will start by discussing a
simple control system. In this case, we will control only one joint in the system with
only one motor with a PID controller [41, 49].

A robot system behave similar to any other system that we have learn in control
theory, in which the plant of the system will be a robotic system. As a result, we
will first derive the dynamic equation of the system. When J,, represent the sum of
the actuator and gear inertia, and B,, is the motor friction. A DC motor system will

have its dynamic equation in laplace domain as

! (2.22)
Jms® + By, s )
We can apply a PID compensator to the system as
K
C(s) = K, + — + Kps (2.23)
s
As a result, we get the close loop equation of the system as follow
Kps®’ + K K
Y (s) DS ¥ Bps + 1 (2.24)

= R(s).
Jins> + (B + Kp)s® + Kps + K (5

11
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We know that in robotic the accuracy and repeatability of the system are the
most important properties of the system. The system must be able to accurately
track the reference signal or reach the desire position as intended. As we can see in
the previous example, a PID controller is good enough to achieve those properties for
a single motor in the system. The closed loop system equation show that the PID
controller will provide the output tracking and it can also reject some disturbance in
the system. However, in a more complicated system with many links, we will need to
use more advance technique to ensure the accuracy and repeatability of the robotic

system.

2.4 Adaptive Control for Robotic System

In this section we discuss a basic adaptive control scheme in robotic. In a robotic
system a robot need to be able to function in real environment subject to some
uncertainties in the system. This mean that many times we do not know information
of one or more parameters in the system; as a result, we have to develop an adaptive

controller in order to compensate for those unknown parameters [41].

The basic idea of adaptive control is to adjust control parameters in a system
according to the feedback signal. Most of the time, we will try to adjust the system
parameters in a way such that the output of the system becomes closer to the reference
signal. With adaptive control we can ensure the system stability, as well as improve

robustness of robotic systems.

In this chapter, we will use second-link robotic manipulater that we derive ealier

as an example in our discussion. From section 2.2 we have the dynamic model of

12
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second-link robot manipulator as

u= D(q)G+C(q,4)q+ 9(q) = Y(q,4,4)p (2.25)

o G G G+ G 2cos(gagi) + cos (g2ga) — 28in (gagiga) — sin (g26>”)
Y(q,q,4) =
0 0 ¢ +a cos (q241) + singo

¢ G+ da cosqr cosqr cos(qr+ qo)
(2.26)

@ ¢ 0 0 cos(q1+q)

One possibility of an adaptive control scheme that can guarantee the system sta-
bility and tracking could be designed as follows. First we define a controller structure
based on the dynamic equation of the system. We will use 6(t) as the system param-
eter estimators and a constant matrix Kp as a design matrix. With s(t) = é + Age,
e = q — qq, where Ag be a constant matrix whose eigenvalue have positive real part,

we have the control law

u=Y(q,qq§0(t) — Kps(t),0 < Kp = K}, € R™™, (2.27)

Since our adaptive controller will need to adapt in order to make the system track

the reference signal, we define an adaptive law that we will use to update 6(t) as

0(t) = —T7Y7(q,4,4)s(t),0 < T =TT e Rroome (2.28)

With this controller and the adaptive law, its can be proven that the control

scheme can guarantee the stability and asymptotic tracking of the system.

13
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2.5 Backstepping Nonlinear Control Design

In order to control a nonlinear system, we need to construct a nonlinear controller
for the system. In this section, we consider using a backstepping design to develop a

controller for a second-order nonlinear system [18, 44].

Consider a second order nonlinear system

$'1 = f(l’l)l’g (229)
To = g(x1,22) + u(t) (2.30)
Yy =1, (2.31)

where x1, x5 is the state, y is the output, and w is the input of the system.

The objective is to design a state feedback control u(¢) such that all closed-loop
signal are bounded and the system output track a given reference output signal y,, (t).

For a second order system, the backstepping design can be done with two design steps.

Step 1: Define z; = 21 — ym, 22 = x2 — [, where [ is a design function to be

determined. From the state equation of the system, we can write Z; as

21 = T1 = Um (2.32)
= f(x1)22 — Ym (2.33)
= [(z1)(22 = B) — Um- (2.34)

In order to choose 3 to stablize the system, we consider a Lyapunov candidate function

14
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and its derivative

1

Vi= §Z1T21 (2.35)
Vi = 21(f(21)z + f(21)B = ). (2.36)

With the design function
B = f(z1) (=121 + Um), (2.37)

where ¢ is a positive constant. The derivative of the Lyapunov function becomes

V, = —cllezl + f(z1)21 22 (2.38)

We see that the term —c;2] 2; is always negative.

Step 2: Since 29 # 0, we continue using backstepping design by considering

dy =ty — B (2.39)

= g(x1,z2) + u(t) — 8, (2.40)

and the second Lyapunov function

1
Vo=Vi+ gz (2.41)
The time-derivative of V5 is
Va=Vi+ 25 4
= —c12 o + 2L (f (1) 21 + g(21, 22) + u(t) — B) (2.42)

15
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As a result, the control signal u(t) is chosen as

u(t) = —g(w1, 22) — a2 — fla1)z1 + . (2.43)

With the chosen u(t), equation (2.41) becomes

Vy = —cllezl - cgz;fzg. (2.44)

With a positive constant ¢, we have V; is negative semidefinite and only equal to
zero when z; = zo = 0. With this design, the nonlinear can guarantee the closed-loop

signal boundedness and asymptotic output tracking of the system: lim; . (y(t) —

ym(t)) = 0.

16



Chapter 3

Adaptive Actuator Failure Compen-
sation for A Cooperative Manipula-

tor System

The objective of this study is to design an adaptive actuator failure compensation
scheme for a robotic system without the knowledge of failing actuators. In this study
we use a two-dimensional cooperative manipulator system. The system contains two
manipulators, which are attached to each side of a rigid platform as shown in Figure
3.1. We design a controller that can guarantee asymptotic tracking of both height
h(t) and angle 6(t) of the system. The robotic system can be extended to various
robotic applications that use a cooperative manipulator system such as a hexapod

system or the lower part of a humanoid robot.

3.1 Problem Formulation

In this section, we discuss several important topics that are needed in order to solve
the problem, which are actuator redundancy in the system, the control objective, and

the actuator failure model used in the study.

17
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Manipulator 1 Manipulator 2
Flatform

4, H—— - D,

T AT

Figure 3.1: The cooperative robotic system controlling a platform.

3.1.1 Actuator Redundancy

A system with two degrees of freedom needs two actuators in order to control the
system; however, for a system to be able to operate when an actuator failure occurs,
redundancy in the system is needed.

In many systems such as a humanoid robot, adding another leg to the robot for
redundancy is not possible without the loss of functionality of the system. In our
robotic system model, the redundancy of the system come from an additional joint
in the left manipulator. As in Figure 3.1, the system uses three actuators ¢, ¢s, q3
to support a rigid platform that links actuator ¢; and g3 together. The actuator ¢,
is added to increase redundancy in the system, so that we can develop an actuator
failure compensation scheme to compensate for possible actuator failure that could

occur on the left side of the platform.

3.1.2 Control Objective

The objective of the control scheme is to guarantee positional tracking of the height

h(t), and angle 6(t) of the system subject to uncertain actuator failure.

18
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Figure 3.2: The height and angle of the platform.

The development of the adaptive control algorithm can be divided into three parts.
First we will find a feedback control signal wy from a backstepping control design,
which ensures the stability of the system in the absence of actuator failure. Then,
the nominal controller for the system will be developed based on the knowledge of
actuator failure. The nominal control will be designed such that the control signal
matches the signal wy, so that the output of the system follows the desirable trajectory.
Finally, the adaptive actuator failure compensation scheme is developed based on
the nominal controller structure, using parameter adaptation to handle the actuator

failure uncertainties.

3.1.3 Actuator Failure Model

When an actuator failure occurs in the system, the control input u;(¢) associated with

the failing actuator j may become an arbitrary value, which can be denoted as

Uj(t) = ﬂj(t),t Z tj,j € {1,2, ,m} (31)

19
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Although we do not know the value of the control input when failure occurs, we can

model the failure based on some knowledge of the structure of the actuator as
n;
u;(t) = ujo + Z Uij faij(t),t > tj, (3.2)
i=1

where n; is the number of components in the actuator, fu; is a known function
corresponding to each component of the actuator, and j,¢;, u;; are unknown actuator,
time, and failure of each component of the actuator. In this study, we consider three
cases of possible actuator failure patterns: no failure occurs, actuator wu, fails, or

actuator wus fails.

20
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3.2 Derivation of the Dynamic Model

The dynamic model of a redundant manipulator robotic system has been discussed
in various books and published papers [18,19]. There are several approaches that can
be used to obtain a set of dynamic equations of the system such as using Newton’s
second law of motion, or the Euler-Lagrange equation. Newton’s second law of motion
is a well-known method of analyzing movement of an object. However, in order to
calculate the dynamic of an object, one needs to know every force that acts on the
object. In robotic systems, which contain many joints and links, it is complicated
to calculate constraint forces in the system. As a result, using the Euler-Lagrange
equation to develop the dynamic equations is a preferable method.

In this study, the derivation of the dynamic model of the system is divided in three
parts. First we derive dynamic equations of the system using the Euler-Lagrange
equation. After we obtain the dynamic equations, state parameters of the system
are defined and calculated. Finally, the dynamic equation is put into the state space
form, so that it can be used for the development of the adaptive actuator failure

compensation scheme.

3.2.1 Euler-Lagrange Equation

In order to use the Euler-Lagrange equation, we need to determine the generalized
coordinates for the system [18]. There are two sets of independent coordinates that
should be considered. The first set of generalized coordinates is to use height the h(t)
and angle 6(t) of the platform as the generalized coordinates of the system. Although
outputs of the system will be directly related to each coordinate, the dynamic equa-
tions are more complicated because the force of each actuator will act on different

directions to each coordinate. On the other hand, by selecting the position of each

21
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actuator qi, g2, g3 as the generalized coordinates, we can reduce the complexity of the

derivation; as a result, we will use this second set as the generalized coordinates.

Before we derive the dynamic equations of the system, we consider the relationship

between the coordinates and the outputs of the system.

From Figure 2, we can write the height A and the angle 6 of the platform in term

of the position of each actuator as

a1+ a2+ g3
2

0(q1, g2, qg3) = arctan(

h(q1, q2, Q3) = (3-3)

@1 +4q— a3
—)’

3 (3.4)

where the constant by is the lenght of the base of the platform. The derivatives of
(3.3) and (3.4) are

L. ..
ha1, g2, q3) = 5((11 + G2+ G3) (3.5)

; bo(g1 + G2 — q3)
0 = . .
(QIJ q2, q3) b% + (Q1 + gy — Q3>2 (3 6)

Based on the generalize coordinate ¢; for i« = 1,2,3, we consider the Lagrange’s

equation

doL oL
dt 04" Ogqi

Tis (37)

where the Lagrangian L =T — V', T is the kinetic energy, V is the potential energy,
¢ = [q1, q2, q3] are the vectors of generalized coordinates, and w; is the torque of each
actuator, which acts along each coordinate. If the dependency forces between ¢1, ¢o

are small, we can approximate that the generalized coordinates are independant from

22
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each other. Thus, the kinetic energy and the potential energy can be written as

1 . . .
T = = (mi; + (m1 + ma)ds + mad3)

1

. 1 .
+ 5mph2 - §1p92 (3.8)

[\

V =migq + (m1 + ma)ggs + msgqs + mpgh,

(3.9)

where g is the scalar value of the gravity, m; is the mass of each actuator, m,, is the
mass of the platform, and I, is the moment of inertia of the platform. We calculate

each term in the Lagrange’s equation as

OL 1
3 —myg);i=1,2,3 (3.10)
4

= —(mig + 5

d oL
dt 8q;’

oL

For the term we first derive 5 s

oL . dh . df

= h—+ I,0— 3.11
g = dqi " dg : S
oL dh do
— = ] h— I, 0— 3.12
9q, — it ma)ds + myh e + i (3.12)
oL . dh do
— = M3(q h——+1, 60— 3.13
Dgs 0 T dgs " dgs’ (3.13)
From equation (3.5) we have j—(i =1 and
RIS SN
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Consider éj—g based on equation (3.6), we have

. df ;b3 (q1+ 42 — ¢3)
0— = Gl , 3.15
dg; (34 (@1 + @2 — q3)?)? ( )

where the constant a; = 1 for ¢ = 1,2, oy = —1 for ¢ = 3. Define q; = q1 + ¢2 + g3,

@ =q +q —qs3, and ¥y, Uy, as

1

Wy = (@) (3.16)
Oé‘b2[ q;2
Uy, = P12 3.17
M+ ) 0
Then, the time derivative %(g—i) can be written as
d OL : :
—— =myG + U+ ¥ 3.18
dt e miqy + W1+ Wa,y ( )
d OL . .
—— = o + Wy + U 3.19
dt 0d, (mq +ma)do + V1 + Uy ( )
d OL - -
——— =maGs+ VU + ¥ 3.20
dt 0ds msqs + W1+ Vo3, ( )
where \111, U, are expressed as
: 1 .
: 2 455
Uy = oib2 ___ %t 3.22
= G g T W) o2
Finally, the Lagrange’s equation becomes
miGy + Wy + Vo + (mag + Empg) =T (3.23)
(m1 +m2)(G + 9) + Wy + Vo + 59 = 7 (3.24)
. : 1
maGs + W1 + Va3 + (mag + §mpg) =73 (3.25)
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3.2.2 Determination of Signals ¢; and ¢

In order to put the dynamic equations in the state space form, we need to rewrite the
dynamic equations in term of ¢; and ¢,. Rewrite equations (3.23)- (3.25) for each ¢

as

T — (U + ‘1’2,1 + (mag + %mpg))

= 3.26
a1 my ( )
iy — =V —Wyy ((m1 +ma)g + %mpg) (3.27)
my +mao my + mgy
o 13— (U + Uyz + (m3g + 2m,g
P L o ), (3.28)
3

Define a parameter ¢; = 1 + %(m% + m + ng) We can combine equation

(3.26)- (3.28)) to get q; as

. 1 7 T2 T3
=—(—+—"—+—
a G- my mq+ms mg)
myg., 1 1 1
—(3 PINC oy — T
(g+ 2 )(m1+m1+m2+m3)
. 1 1 1
—Upi(—+———+ —)). (3.29)

mq mi + Mo ms

With a parameter ¢ = (1 + bg#( Ly L+ L)) we also have ¢, as

B2+322\m1 " mitme | mg

. 1 7 T T: o1 1 1
b= (o 2 By
G2 my  mi+mg  mg mp  mp+mg Mg
mpg,, 1 1 1
(g+ 2 )(m1+m1+m2 TTL3)
4bg[p((jgcj§) 1 1 1
—— (—t+—+ —)). 3.30
b%‘f—Q% (ml my + Mo mg)) ( )
_ (1 1 1 _ (1 1 1 .
Let parameters M, = (;- + 70 + 77), and My = (- + =5 — ). Since

25
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Uy, Uy, contain gy, ¢, we rewrite equation (3.29), and (3.30) as

O SR S )
' Gomi myp+mg Mg
b2 1,4 4021 GoG2
_(3g+ mpg + 04pd2 0<p424> )Ma) (331)

2 T R+@)? (BB+@)3

= G w1 @)
mpg 4031, (q245)
— —= )M, —Ma. 3.32
g+ T2y, + LBy 3.3

With (3 = b I” @z rare Ma, by substitution of 2 from (3.31), equation (3.32) becomes

. 1 T1 T2 T3
NN Tt me | my
_Gm NG
Coomy  my+my Mg
G, 1 mpg Mpd
—|—C2(4mp(91)+( 2p )My — (39 + 2p )
4h21 402 1,q245
(C3 1, (34) 01p9292 )M,] (3.33)

G B+a B+ @)?

With ¢; = 1 + 2282 M, we have

4G1¢2
1 1 T2 73
ql = — _— _— _—
GG my  my+my  mg
C3 T1 T2 T3

Ca  my  mp+me M3
Cs Mpg mypg
M - 3 Ma
Cz( g+ 9 )My — (39 + 9 )
G ARL(0a3) 4 13d5
G 05+45 (0% + 33)°

)M,]. (3.34)

We solve for o with a similar approach. With (5 = =2 M,, by substitution of ¢; from

26
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equation (3.33), equation (3.34) becomes

. 1. mn L™ T3
= G2 mi  myg+mg Mg
1 m 4021 (GoG2
——((g+ pg) 02p(Q2_‘212)
Co 2 b+ @
§5 T1 T2 T3
C1Ci o [<m1 my + Moy ms)
C3 71 T2 73
2t 23
C2(m1 my + my m3)

m m
+%(g + Tpg)Mb + (3g + pg)Ma
LG AL, (@E)  AViT,0a5

G b+ (+a)?

M, + M,)

(

)M,]. (3.35)

3.2.3 Dynamic Model in State Space Form

The dynamic equations can now be written in the state space form. We define x; =
(711, 212)" = [h, 0], and @y = [z91, T92]" = [q1, 2].” With @ = 2h, G2 = botan 6, we

have

iy = [(Gu+ Go+ds) (G + Go— ds)]" (3.37)

Let u = [ry, 72, 73]7 be the system input, and y = [h, 0]T be the system output. The

state equation can be written as

i'l = f(l'l).xg (338)
Ty = g1(21,22) + go(21, 22)u0 (3.39)
y =1, (3.40)

27
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where the matrix f(z1) is expressed as

fii(xy 0
fx) = (@) . (3.41)

0 f22(fl?1)

Based on equation (3.36), we obtain

1

bo(1 4 23,) (3.42)

fule) =3, falm) =

Let g1(z1,72) = [g11(21, 72), g12(21, 2)].T From equations (3.34) and (3.35), we have

1 C3 mpg
= —[2(g+
o CaC1 [CQ (g 2

G3 4631, (G273) _ Ab31,go3,

G i+ a (b3 +33)°

)M, — (39 + =27

)M, (3.43)

1 mpg
= —[—(g+ -2 \M
912 [—(g )My bg e

©) 2
G mpg
7GRt g Mt (Go
G AL (Gaady)  ABLGerd )] (3.44)
G Bd  Grar |

_ 46(2)113((.72517%2)

Ma]

myg
5 )

Define the matrix gs(x1, ) as

g211 G212 G213
gg(Il,ZEQ) = . (345)

9221 G222 G223
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According to equations (3.34) and (3.35), we have each component of the matrix as

o = =1 () (3.46)
g2 = 21 = )] (3.47)
gors = = (14 ) (3.48)

In this way, we have derived the state space form of the dynamic model of the coop-
erative manipulator robotic system with actuator redundancy, which can be used to

design an adaptive actuator failure compensation scheme.

29
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3.3 Nominal Control Design

In this section we develop a nominal controller for the system assuming the knowledge
of the actuator failures, such a controller structure can be used to design an adaptive
actuator failure compensation scheme for the system with uncertain actuator failures.

From the dynamic model derived in Section III, we have

j,‘l = f(l’l)ﬂfg (352)

To = g1(x1, 22) + g2(x1, T2)u (3.53)

Yy =, (354)

where y = [h,0]" is the system output, and f(x1), g1(z1,%2), g2(71,22) are known

matrices.

Our goal is to control the trajectory of the height and angle of the platform; that
is, we need to design a control algorithm such that the system output y(t) tracks
a desirable trajectory y,,(t) asymptotically. First, we generate a desirable feedback
control signal wy = go(x1, x2)u from backstepping control design method, and then we
will develop a nominal failure compensation controller based on the feedback control

signal.

3.3.1 Backsteping Control Design

We will first choose a control signal wy such that it can guarantee the closed-loop
signal boundedness and asymptotic output tracking of the system in the absence of

actuator failures.
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Define 2y = 1 — Ym, 20 = 9 — [, where  is a design function to be determined.

Step 1: From the state equation of the system, we can write Z; as

= &1 — i (3.55)
= f(71)72 — Um (3.56)
= f(z1)(22 = B) — Um- (3.57)

In order to choose 3 to stablize the system, we consider a Lyapunov candidate function

and its derivative

1
m:§£a (3.58)
Vi = 21(f(21)22 + f(21)B = ). (3.59)
With the design function
B = flz) (=121 + Gm), (3.60)

where ¢; is a positive constant. The derivative of the Lyapunov function becomes

‘./1 = —clzipzl + f([)?l)ZlZQ. (361)

We see that the term —c;27 2; is always negative.
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Step 2: Since zy # 0, we continue using backstepping design by considering

Gy =iy — B (3.62)

= gl(ﬂfl, LCQ) + gg(xl, l’g)u — B, (363)

and the second Lyapunov function

1
The time-derivative of V5 is
Vo=Vi+ 22T§2
= —c12 2 4 2L (f(@1) 21 + g1 (21, 22) + wg — B) (3.65)

As a result, the signal wy is chosen as

wq = ga(x1, T2)u (3.66)

= —gl(xhxg) — CoRy — f(ftl)Zl + 6 (367)

With the chosen wy, equation (3.65) becomes

Vo = —c128 2 — cp2l . (3.68)

With a positive constant ¢, V5 is negative semidefinite and only equal to zero when
z1 = 29 = 0. As a result, the control signal w; can guarantee the closed-loop signal

boundedness and asymptotic output tracking of the system: lim;_,o.(y(t)—ym(t)) = 0.
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3.3.2 Nominal Controller Structure

In this section, we develop a nominal controller for the system, with knowledge of
actuator failure in the system. The nominal control law will guarantee that the control
input signal matches the desirable signal wy when actuator failures occur.

Since the controller needs to handle several cases of actuator failure, we select a
nominal controller structure as a combination of the nominal controller of each actu-
ator failure case. We first design three individual control schemes for each actuator

failure case.

Design for no failure case

In the case of no actuator failure in the system, we have control signal u = v*. We

need to design v(t) such that wg = ga(xy1, x2)v*. We consider
v*(t) = v(y)(t) = ha(x1, 22)v50) (1), (3.69)
where hq(21,75) € R, and vy () € R**" are such that

Go (@1, T2)ho (1, 952)“2(1) = Wi

(3.70)

Notice that in case of no actuator failure, we have some flexibilities when choosing
the matrix h, (21, z2). We can choose the matrix such that the system is optimized in
some perspectives. With chosen h,(x1, z3), the nominal control signal can be written

as

Uary(t) = K21, 22)wa. (3.71)
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One way to design the controller to have a unique solution is to use only two actu-
ators to control the system. By turning off actuator uy, we can design the controller

by choosing

vH(t) = viy(t) = 10 vy (3.72)
/U;(l) (t) = hl ([El,LCQ)US(l) (t) (373)
With g2 = [g21, 922, 23] = [g21, g2(2)], We can choose a new matrix hy(z1,z,) € R**?

such that go(2) (21, 22)h1 (21, x2) is invertible. Thus, vj,)(t) € R*! can be chosen as
U8(1)(t) = Ky (21, 29)wa, (3.74)
where the matrix K(xq,25) € R?*? is expressed as

K (21, 2) = (g2(2) (1, 22) (21, 22)) (3.75)

As a result, we have the nominal control signal va)(t) that can be used to control

the system with no actuator failure.

Design for u; failure case

In case of actuator u,; fails, we have the signals u; = 4;, us = v;3, and ug = v;. The

nominal control signal can be written as

v (t) = vy (t) = [0 v;g) )" (3.76)
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With g, = [9217922,923] = [921,92(2)], we have
Va2 (t) = ha(1, 22)v5(2) (1), (3.77)

where the matrix hy(z1,22) € R?*? and the signal Vo (t) € R?>*1 can be chosen to

satisfy

go1 (@1, x2)Uy + 92(2)h2($1a 932)“5(2) (t) = wa.

(3.78)
The signal vg, (t) can be written as
Vo) (1) = Kar (21, 22)wa + Koo (w1, 22) U1, (3.79)
where Ky € R**2, Ky € R?*! are expressed as
Ko = (ga)ha(a1, 7))~
Ky = (92(2)}12(1’1,$2))71921($1,132)- (3.80)

We can see that with this design, the nominal control signal v, (t) ensures wy =

g2 (1, xg)vé) for the actuator u; failure case.

Design for u, failure case

Similarly, in case of actuator uy fails. The nominal control signal can be designed as

vt (t) = vy (t) = [v(5)(t), 0,5 ()] (3.81)
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Defining v}, (t) € R**! as
Uy (8) = [01a) (1), U35y (D] (3.82)
We design the control law from
Ua(z)(t) = ha(21, 22)v5(s) (1). (3.83)
With ga1y = [ga1, g23], we can choose hs(z1, z2) € R**?, and U(s) (t) € R?*! to satisfy
G2y (1, 22) hs (1, xg)v5(3) (1) + g2olia = wy. (3.84)
The signal vg (t) can be written as

US(?))(t) = K31 (1, 22) s + Kso(21, 22)wa, (3.85)

Kg = (92(1)($1>$2)h3($1,552))_1922(9517-%2)

Ksy = (g21) (w1, 22) hg (21, 72)) 7. (3.86)

We can see that the nominal control signal v(y)(t) ensures wq = ga(21, Z2)v(3 for the

actuator u, failure case.

Composite control design

With the control structure for all three cases, we can design a composite control law

for the system as

v (t) = pTv(yy (8) + Pavy) (t) + P5us) (1), (3.87)
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where p}, p5, p5 are the indicator functions of the actuator failure: p; = 1 when there
is no actuator failure, p5 = 1 for u; actuator failure, and p;5 = 1 for uy, actuator
failure. The indicator functions pj, p3, p5 = 0 for its noncorresponding cases, e.g.,
p; = 0 when actuator u; fails. Signal Ua)(t) is the nominal control signal in case of
no actuator failure in the system, v, (t) is the nominal control signal for the actuator
uy failure case, and vy (¢) is the nominal control signal for actuator us failure case.
Because of the indicator functions and the nominal control signals, the composite
design ensures wy = go(1, x2)v*(t) for every case of actuator failure. The composite
control design can control the system with an actuator failure when the information

of actuator failure is known.
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3.4 Adaptive Failure Compensation Design

The nominal control design, which is developed in Section IV, needs information
of the actuator failures. In this section, we develop an adaptive actuator failure
compensation scheme, which can achieve the control objective in the presence of
uncertain actuator failures without the knowledge of the failing actuator and its

signal.

3.4.1 Adaptive Controller Structure

The adaptive control algorithm is developed based on the nominal controller structure.
Since we do not know the values of PIV(1), P30y and P53y, We first design the adaptive

controller structure as

U(t) = Up(l)(t) + Up(2) (t) + Vp(3) (t), (388)

where vp1) (%), vp(2)(£), vp(3)(t) are the estimates of pjufy), p3u(y), P50, respectively.

*

In order to derive v,(1)(t), we restructure pjv() € R3**! from the nonimal controller

(3.69) as

pivzﬂl) = pihaKawd

= diag{pi1, pi2; P13} haKawa, (3.89)

where pj; = pjy = pis = pj; that is, we will estimate the parameter pj three times,

which is needed for achieving a suitable parametrization. With the estimated param-
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eter diag{pi1, p12, p13}, we have the adaptive version of p{vé‘l) as

V(1) () = diag{p11, p12, P13 }ha Kawa. (3.90)

With v,2)(t) = [0, Vap(2)(t)7]7, we now derive vq,2)(t) from its nominal version:

vaZ(Q)(t) = p;thglwd + p;ﬂlthQQ € RQXI.

(3.91)

From the actuator failure model (3.2), the actuator failure u;(¢) can be expressed as

w(t) = xi" fult), (3.92)

where f,;(t) = [1, fair(t), ..., fain,(t)]T are known functions corresponding to the ac-
tuator failure components, xi = [ti0, U1, ..., Uin,]’ contains the paremeters of values
associated with each actuator failure component, and n; is the number of actuator

failure components.

Then, the estimate of p3v} ) (t) is chosen as

‘ XlT(l)fal(t)¢11
Vpa(2) (t) = dlag{ﬂ21> P22}h2K21Wd + ) (393)
X1T(2)fa1 (t) P12,

where, similar to that in (3.90), diag{pa1, p22} is the estimate of diag{p},, p5,} with
P> = P31 = pay. The terms p3,x7 and p3,x] are estimated by xi(1) and x(2), where

b1 = 11, P12]" = ha Koo,
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In order to derive v,), we consider v,y = [U,1), 0, Up33)]” . With

Yap(3) = [Up(31)7vp(33)]T, we consider
ng;(S) (t) = p§h3K31ﬂ2 + p;thggwd € RQXl. (394)

Similar to the derivation of v,q(2)(t), we have

‘ Xg(l)faz(t)szl
Vpa(3) (t) - dlag{pr P32}h3K32wd + 5 (395)
XgT(Q)faz () P22,

where diag{ps1, ps2} is the estimate of diag{p3,, pi,} with p5 = p%, = piy. The param-
eters xo(1) and xa(2) are the estimates of p3, x5 and p3,x5, where ¢p = (a1, ¢22]T =

thgl.

The controller structure (3.88) can be written as
0(t) = vp(1)(£) 4 [0, Vg 2 ()] =+ [Vp(31) (£), 0, 033 (1)) (3.96)

With this parametrized controller structure, we can develop adaptive laws to up-

date the parameters diag{p11, p12, p13}, diag{pa1, p22}, diag{ps1, ps2}, x101)> X1(2)» X2(1)5
and xa(2), so that the system can achieve the control objective in the presence of un-

certain actuator failure.

3.4.2 Error System

In order to design an adaptive law for the system, we consider the system error

caused by an actuator failure. With an uncertain actuator failure, the signal u(t) can
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be written as

u(t) = (I — o ()" (t) + o(t)a, (3.97)

where o(t) = diag{o1, 09, 03} is the actuator failure pattern matrix such that o;(¢) = 1

if the 7 actuator fails, and o;(t) = 0 otherwise. With gs(x1, x2)u(t) = wy, we have

go(x1,22)((I — 0)v*(t) + ot) = wy (3.98)

For an adaptive updated control signal v(t), where go(x1,2z2)v(t) = w. Based on

equations (3.97) and (3.98), we have an error system between v(t) and v*(t) as

g2(x1, ) (I — o) (v — V") = w — wy. (3.99)

We consider the backstepping design with a possible actuator failure. With z; =

X1 — Ym, 2o = T2 — 3, where (3 is a design function from equation (3.60), we have

Z'l = —C121 + f(l’l)ZQ (3100)
2y = g1(w1,22) + ga(21, 22)u — B
=gz, 29) +w— B+ (wg — wq)

= —f(x1)z1 — C229 + W — wy. (3.101)

From equations (3.99) and (3.101), 25 becomes

29 = —f(x1)21 — caza + go(x1,22) (I — 0)(v — V™). (3.102)
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Define the error signal v = v — v*, and the error of each estimated parameter as
Pij = Pij — Pi> Xij) = Xi(j) — (Piy1;X7)- From equations (3.87) and (3.96), the error

signal v can be written as

0 = diag{p11, pra, P13t haKawa + [0, Upya) ()]

+ [p(31) (£), 0, Tp(ss) (1)) (3.103)
Based on equations (3.93) and (3.95) with 03)(t) = [0p31)(£), Dp(z3) ()], we have

X1y far (1) d11

Vpa(2) () = diag{pa1, P2 thoKoi (21, T2)wg + i
X1(g)far () D12,
N L )ZgT(l)faz(t)éﬁm
Upa(3) (t) = diag{ps1, P32 tho K3 (@1, 2)wa + . (3.104)
)22211(2) fa2 (t) ¢227

The effect of actuator failure to the nominal controller can be analyzed using the

Lyapunov function
L 7 T
Vo = 5(21 21 + 25 22). (3.105)

Based on equation (3.100) and (3.102), the derivative of the Lyapunov function (3.105)

becomes

: T T
Vo= —c12] 21 — €2y 29

+ 200g9(21,22) (I — 0)(D). (3.106)
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With ¢ from equation (3.103), the derivative of the Lyapunov function can be

written as

“/2 = —012’{21 — CQZgZQ
+ 25 go(x1, 22) (I — o)diag{p11, P12, P13 haKawa
+ 23 ga (21, 22) (I = 0)[0, 800 ()]

+ 23 g2(1, 22) (I — 0)[Bp(a) (1), 0, Tpazy (1)) (3.107)

With the possible actuator failure, Vs is 1o longer negative semidefinite; thus, we
cannot guarantee system stability. We need to design an adaptive scheme to update

the parameters diag{pi1, p12, p13}, diag{pa1, p22}, diag{ps1, ps2}, X101), X1(2), X201), and

X2(2); then, new Lyapunov functions will be used to ensure system stability.

3.4.3 Adaptive Laws

In this section, we develop an adaptive scheme for updating the parameter of the con-
troller (3.88). The adaptive laws for diag{p11, p12, p13}, diag{pa1, p2o }, and diag{ps1, p3a }

can be generically chosen as

/51]' = _71]'2;923‘#1]'

- T

P2 = —72j%2 92(j+1)H2;

- T

P31 = —7Y31%9 21431

P32 = —V33%3 G23432, (3.108)
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where 7;; > 0 is the adaptive gain, and

H1 = [,un, ,U12,,U13]T = heKwqg
M2 = [/~L21, M22]T = ho Ko 1wy

ps = [ps1, paz]” = haKaiwa, (3.109)

with hg, he, hs, K., Ko7, and K3, being the design matrices from the adaptive con-
troller structure (3.89), (3.93), and (3.95).

Similarly, the adaptive laws for xi(1), X1(2), X2(1), and xa(2) can be chosen as

X16) = —Tj) faj2a G2041)%15
X2(1) = —F(21)fa122TQ21¢21

X2(2) = —F(22)fa2ZQTg23¢227 (3.110)

where the parameter I'(;;) = F%;.j) > ( is the adaptive gain matrix. The function ¢; is

defined as ¢ = [¢117 ¢12]T = ha K>, and ¢y = [¢21, ¢22]T = h3K3;.

We then use a parameter projection scheme to ensure the boundedness of the esti-
mated parameters in the presence of actuator failure uncertainties. We first consider
the physical range of the indicator functions pj, p3, and pj. From the definition of the

indicator functions, we have
0<pi <1, 0<p;<1, 0<p;<1. (3.111)

€k k% * k% * % %
Because pj; = ply = pis = Pl Por = P = p3, and p3 = p3, = p3, we have

0 < p;; < 1. We can see that the estimated parameters p;; should also have the lower
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bound at 0 and the upper bound at 1.

Let X2, xi? be the upper and lower bounds of the components 3, of x} fori = 1,2,

and k= 1,2, ..., k,, that is,

X <X <00 e < e < X (3.112)

The upper and lower bounds x;, Xi¥ can be obtained from the maximun and minimum

values that each failing actuator can produce based on the actuator failure model (2).

With the upper and lower bounds of each component of x; , we can see that each
component of the estimated parameters x;(;) should also has the same boundaries as

the component of x; because x;(;) is the estimate of x;p; with 0 < p; < 1.

With the upper and lower bounds of the true parameters, we can modify the adap-
tive laws in (3.108) and (3.110), so that each component of the estimated parameters
stays within its boundaries; and in particular, the initial conditions p;;(0), xi(;)(0) are

chosen inside the boundaries.

The adaptive laws for p;;(t) become

p1j = _’YljzzTngulj + 0pyj

p2j = —72j22Tg2(j+1),u2j + 0p,j

P31 = —’YslzzngW:ﬂ + 0ps1

. T

P32 = —733%3 923432 + 0ps2, (3.113)
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where the projection function g,; is chosen as

0 if pij € (0,1),
or pi;; =0 and g,; >0,
Opij = (3.114)
or p;; = 1 and Opij < O,
| —0pij otherwise,
with 9,;; defined as
— T
Op1j = —V1572 92515
— T
Op2j = —7V25%2 92(j+1)H2;
— T
0p31 = —731%9 g21 1431
Op32 = —"V33%3 G23 432 (3.115)
Similarly, the adaptive laws for x;;) = [Xi()1)s --» Xi(j)(ns)] become
X16) = —Lifaiza 92041015 + 0x)
X2(1) = —F(Ql)falnggQ1¢21 t Oxa(1)
X2(2) = —F(22)fa222Tg23¢22 + Oxa(2)> (3'116)
where the projection function o) = [Qxi(j)(l), e gxi(j)(ni)]T is chosen as
( . * *b
0 if XiG)(k) € (X Xik)
it Xigyw = Xix and oxigyw) = 0,
Oxiywy — (3.117)

or X)) = Xt and oy < 0,

L —Oxi(j) (k) otherwise,
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With 0yi(j) = [0xi()(1)» -+ Oxi(i)(np)]" defined as

0a) = ~Laj) faizz 924191,
Ox2(1) = —F(21)fa122Tg21¢21

O = L) fazzs g2ahaa- (3.118)

It can be verified that the parameter projection schemes have the properties

(Pij = Pi3)0p; <0 (3.119)

(XiGt) = PiXik) Oxigsny < 0 (3.120)

With the parameter projection scheme and chosen initial conditions 0 < p;;(0) <
LxiE < Xige(0) < X2, we can guarantee the boundedness of every estimated pa-

rameter used in the adaptive actuator failure compensation scheme.

3.4.4 Performance Analysis

The adaptive actuator failure compensation scheme can ensure the stability and track-
ing of the system in any of the three cases of possible actuator failure patterns: no
failure occurs, actuator u, failure case, or actuator u, failure case, as shown by the

following theorem.

Theorem 1. The adaptive actuator failure compensation scheme with the feed-
back control law (3.88) updated by the adaptive laws (3.113)-(3.116), when applied
to the robotic model (3.52)-(3.54), guarantees the closed-loop signal boundedness and

asymptotic output tracking: lim; ., (y(t) — ym(t)) = 0.
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Proof. We first consider the error signals z; = z1 — y,,, and 2o = x5 — . With

uncertain actuator failures, we have the derivatives of z; and 2, as

ZH=—can+ f(x1)z
=~ f(z1)21 — 220
+ ga(w1, 22)(1 — o) (v —v"). (3.121)

Because the derivative of the error signal Z; contains the actuator failure pattern
o which changes according to each actuator failure case, we need to consider three
Lyapunov function candidates Vg, V,1, V2 for analyzing each actuator failure pattern
to ensure the stability of the system. We first consider the case of no actuator failure,

with the Lyapunov function candidate

1 1 1 9
Vao =521 21+ 5% 2+ 5 Z Privie

2 2
Z Paivai + Z PaiVai
Z X1 X Z Xawy L2 Xa)]- (3.122)
=1

With the parameter projection scheme (3.119) and (3.120), we have the derivative of

each term in (3.122) as

d 1
dt 2

+ 22T£72(3517 T2)(I — o))

T T
(2L 21 + 23 2) = —c12] 21 — coza 2

+ 23 ga (21, ) (I — 0)[0, )0 ()]
+ 23 ga (1, 22) (1 — 0)[Dpa1) (), 0, Tp(az) ()] (3.123)
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dt ) Zplﬂu
3
= —ZQT[Z prigaithii] + Z PLiVes O,
i=1 i=1

< —z; go(my, T2)Vp(1) (3.124)
d
E( me +ZX1 X))
= T2 92(3317332)[0,Upa( )( )]T
3
+3 " o Opa + Z X Tn O
=1
< —2592(%902)[0,%( )( s (3.125)
d
%( ZP&’Y& + ZX? 2 X2
= —% 92(x17x2)[vp(31)( ),0 Uﬂ(33)(t)]T-
+ Zpsml Ops: + Z Xa it Oxacs
(3.126)

< =2 92(3517332)[%(31)( )70,%(33)(?5)]T-
Here we have used the parameter projection property (3.119) and (3.120); that is

ﬁljf)/;lgpw S O
X@( )Fw Oxiisy < 0- (3.127)

Based on equations (3.123)-(3.126) with o = 0, the derivative of the Lyapunov func-
tion (3.122) becomes

Vao < —e12{ 21 — €223 2 < 0. (3.128)
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For the actuator u, failure case, we have the actuator failure pattern o = diag{1, 0, 0}.

We need a new Lyapunov function candidate V,; as

1 1
Va=<-zz1+52 2+ Zplﬂu +ZP2N

2 2
=1
2
+ P + Z )~(1T(¢)F1_i1)~(1(z‘) + )~(2T(2)F2_21)~(2(2)] (3.129)
=1

To obtain the derivatives of the Lyapunov function candidates in (3.129), we consider
the derivative of each term similar to the derivation in the case of no actuator failure.

In this case, we have

dt 2 Z plz’)/lz

3
= —25 go(1,22)[0, 0 Upa( 2)( O] + Z P2i'Vai' Opa
=2

< =23 go(w1, 22) (I — 0) (1) (3.130)

d 1 2 L 2 ~ o
E( Py (Z P%ﬂ%l + ZX{(@')FMIXMi)))
22 3 g2 (1, 5172)[0’ Upa(z) )"

+ Z PaiVai' Opsi + Z Xrif(i)rl_il Ox105)

< —z5 galan, o) (I — )[O,Upa( (O (3.131)
d, 1 ., _ . 1~
pASS (P2 vs2 + X2(2)F221X2T(2)))
= —23 G221, ) [0, Ty (1))
+ 052732 Qpze T Xa2)L'22 Oxaga)

< —z5 ga (@1, 22) (I — 0)[Dp(31) (1), 0, Ty(s3) ()] (3.132)

We can notice that the terms §2,v;,', p2,74,, and )}2(1)F2_11)~(2(1) disappear because

(I — o) = diag{0,1,1}, with ¢ = diag{1,0,0}. We can see that the terms in the
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derivatives of Lyapunov function candidates (3.130)-(3.132) cancel the non-negative
semidefinite parts in (3.123), and the derivatives of the Lyapunov function (3.129)

becomes
Vo < —c12l 2 — ezl 2y <0, (3.133)

For the actuator uy failure case, we have the actuator failure pattern o = diag{0, 1, 0}.
We use a new Lyapunov function candidate

1 1 1 9 1, A2 -
Ve = 52{21 + 52522 + 5[2 Privi + Paa Ve
i=1,3

2 2
+> s Xl e + Y Xam e Xee)- (3.134)

i=1 =1

With simular approach as actuator u; failure case, we can see that the terms §2,75,
P21%5r, and )21(1)F1_11)~<1(1) disappear because (I — o) = diag{1,0,1}. In this case we

have
Voo < —c128 2 — c92l 2y < 0. (3.135)

The derivatives of our Lyapunov functions (3.128), (3.133), and (3.135) for all actu-
ator failure cases are negative semidefinite. With the parameter projection schemes,
we can show that all signals in the system are bounded. Since z;(t), 22(%), 21(t) €

L> (N L?, based on the Barbalat lemma we can conclude that lim; ., 21 = 0. V V
From Theorem 1, we can see that the adaptive actuator failure compensation

scheme can guarantee the asymptotic tracking of the system subject to uncertain

actuator failure for the system operating in any of the three actuator failure cases.
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3.5 Simulations Study

In this section we simulate the adaptive actuator failure compensation control scheme

based on the robotic model subject to uncertain actuator failures.

3.5.1 System Model and Simulation Conditions

The simulations are performed based on the dynamic model of the robotic system

(3.38) - (3.40) as

Ty = g1(x1,22) + go(z1, T2)U (3.137)

The matrix f(z1),91(x1,22), and go(x1,z2) are calculated from equation (3.42) -

(3.51), where the parameters (i, (2, (3, (4, and (5 are

G =725
CQ =1+25 COS4 T12

Cg =2.5 COS4 T12
0.431

=1
G + tan® x1o + 2tan® x1o + 1.75
(5 = 1.25. (3.139)

The simulations assign the mass of each actuator as m; = my = mg3 = 1kg, the
mass of the platform m, = 10kg, the moment of inertia of the platform I, = 1kg-m?,
and the length of the platform by = 1m.

In this study we consider three cases of actuator failure as follows:
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(i) No actuator failure case: u(t) = v(t) for 0 <t < 50s

(ii) Actuator us failure case: ug = uy = 5 for 50 < ¢ < 100s

(iii) The failing actuator us becomes normal again, no actuator failure case: u(t) =
v(t) for 100 <t < 150s

(iv) Actuator u; failure case: uy = @y = sin(0.1¢) for 150 < ¢ < 200s

For simulation we choose ¢; = ¢3 = 2,7;; = 0.01, ;) = 0.0115, f,; = [1,sin 0.1¢]7.
The initial conditions are chosen as y(0) = [1,1]%, p;;(0) = 0, and x,;) = [0,0]". The

reference signal is chosen as y,,(t) = [2 + sin(0.1¢), 0.5]7.

3.5.2 Simulation Results

The simulation results show the output of the system in Figure 3, the tracking error
in Figure 4. The adaptive parameters are presented in Figure 5 - Figure 8. We can

see that the tracking errors always go to zero for all three cases of actuator failures.
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The simulation results confirm that the adaptive actuator failure compensation
scheme can guarantee that the tracking error of the system goes to zero as time goes
to infinity for a constant or a sinusoidal desirable trajectory. The adaptive actuator
failure compensation scheme allows one actuator u; or uy to fail, but both actuators
cannot fail at the same time. Finally, the simulation results show that adaptive ac-
tuator failure compensation scheme supports both a constant and a sinusoidal failure

signal.
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Chapter 4

Design Procedure for General Cases

A cooperative manipulator robotic system uses multiple manipulators to control
an object. Since the movement of the object depends on the coordination of every
manipulator, an actuator failure in the system may compromise the entire system.
It is important to develop an actuator failure compensation scheme for the system.
Because a cooperative manipulator robotic system contains many manipulators, its
often have enough redundancy which can be used in the adaptive actuator failure
compensation scheme.

In this chapter, we discuss main ideas in developing an adaptive actuator failure

compensation scheme for a general cooperative manipulator robotic system.

4.1 General Dynamic Model

The dynamic model of a cooperative manipulator robotic system can be divided into
two parts, which are the dynamics of each manipulator and the dynamic of the object
that controlled by the manipulators.

In order to derive the dynamic model of a general cooperative manipulator robotic
system, we first consider the dynamic of each manipulator. Since each robotic ma-

nipulator in the system can be view as a rigid robot interacting with environment,
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we have the dynamic model of the ith manipulator as [15]
Di(q:)i + Cilai, 4i)di + Gilas) = 7 — I 7, (4.1)

where ¢; is the joint angle of robot 7, 7; is the vector of joint torques, and 7; donates
the interacting force between robot endeffector and the object. D;(g;) is the inertia
matrix, C;(g;, ¢;) is the Coriolis and centrifugal term, G;(g;) is the gravity term, and

J; is the jacobian matrix from task space to Cartesian space.

We then obtain the dynamic model of the object. The general form of the dynamic
model of a rigid object, which is interacting with the robotic manipulators, can be

written as
Do(0)E0 + Colo, £o)io + Gol) = > Al'F, (4.2)
i=1

where x, is the position of the object center of mass, m is the number of the manipula-
tors in the system, D,(z,) is the inertia matrix of the object, C,(z,, &,) is the Coriolis
and centrifugal term of the object, G,(x,) is the gravity term of the object, and A; is

the augmented jacobian matrix of the object from the task space to Cartesian space.

Let y; be the coordinate of the endeffector of each manipulator, we have the

relationship of each coordinate as

Ji(@) G = v (4.3)

Az‘(xo)m'o = yz (44)

The general dynamic model of a cooperative manipulator robotic system can be
obtained by combining (4.1) and (4.2) . With the coordinate transformation, the

dynamic equation of the cooperative robotic system can be written in the task space
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as

D)o + Co(o, o) + Gels) = BT (z)7, (4.5)

where the combine inertia matrix of the object and manipulators D.(x,) is assumed
to be a bounded and positive definite matrix, C.(z,, &,) is the Coriolis and centrifu-
gal term, G.(z,) is the combined gravity term, F = [ET, ..., EL]T with E;(z,) =
J1A;i=1,2,...,m,and 7 = [r], ..., 7L]T, 7; is the generalized torque vector of the
1th manipulator.

With the general dynamic model of a cooperative manipulator system, we can de-

sign an adaptive actuator failure compensation scheme for the robotic system subject

to uncertain actuator failures.
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4.2 Adaptive Actuator Failure Compensation

When an actuator failure occurs, the joint torque 7; produced by that actuator be-
comes unknown. Because the complexity of the cooperative manipulator robotic
system, it is difficult to identify failures in the system. In order to ensure the stability
and tracking property of the system, we use the adaptive actuator failure compensa-
tion scheme developed in this study. We first rewrite the dynamic model in the state

space form as

.fl = T2
Ty = g1(21,22) + go(x1)u

Yy =2, (46)

where y € R"™ is the output of the system, z; = z, € R", z» = &, € R", and
u =T € R™ is the input of the system. With the inertia matrix D.(x.) nonsingular,

we have

g1(z1,19) = =D (21)(O(2q, 29) 15 + G(21)) € R"

g2(z1) = D Y2y ET (2,) € R™™, (4.7)

where n is the degree of freedom of the system, and m is the number of actuator in

the system.

4.2.1 Nominal Control Design

In order to develop an adaptive actuator failure compensation scheme for a general

system subject to an unknown actuator failure, we need to develop a nominal con-
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troller structure similar to what we did in Section 3.3. We can generate a desirable
feedback control signal wy = g¢a(x1,x2)u € R™ for general case from backstepping

control design method.

Define z; = 1 — Yy, 20 = 29 — B, where y,, € R" is the desirable trajectory and

B = —c121 + Ym. We have the desirable control signal

wq = go(1, T2)U (4.8)

= —g1(z1,22) — C220 — 21 + 3, (4.9)

where c1, ¢y are chosen to be some positive constants.

The nominal controller structure can be written as
Np
vH(t) =) piugy () (4.10)
i=1

where p} is the indicator functions associated with each actuator failure pattern, the
signal v () is the nominal control signal for each case of actuator failure in the

system, and n, is the number of the actuator failure patterns that we consider.

The control signal v(; (t) can be designed such that wy = g2(1, z2)v(; (). For each

case of actuator failure, we have
v*(t) = v (t) = szg;) (1), (4.11)

where A € R™*™ is the actuator failure pattern matrix. The nominal control signal

can be written as

Voo (1) = hi(wy, v, (1), (4.12)
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where the matrix h;(zq,22) € R™™. The signal vg(i)(t) € R™! can be chosen to

satisfy

921 (T1, T2) Ui + Ga(iy2hi (21, T2) V() (1) = wa, (4.13)

where go(;)1 is a column of the matrix g, associated with the actuator failure pattern,

and ga(;)2 is a part of the matrix g without the column in gy(;y;.

The signal vg, (t) can be written as
Vo) (t) = Kin (21, ¥2)wa + Kia(w1, 22) s, (4.14)
where K;; € R™", K;5 € R™! are expressed as

Kit = (ga@y2hi(1, 32)) "

Ky = (92(1')2}%(3717IZ))_ng(i)l(xbe)' (4.15)

We can see that with this design, the nominal control signal vf; (t) ensures wq =

ga (1, xg)vz;.) for each actuator failure case.

4.2.2 Adaptive Actuator Failure Compensation Design

The nominal control design, which is developed in previous section, needs information
of the actuator failures. In this section, we develop an adaptive actuator failure
compensation scheme, which can achieve the control objective in the presence of an

uncertain actuator failures, for a general class of robotic system.
From the nominal controller structure (4.10), we design the adaptive controller
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structure as
V() = v (t), (4.16)
i=1

where v,(;)(t) is the estimate of pjvf;(t). In order to derive v,(;)(t), we consider

Up(3) <t> = Avap(i) (t)v (4 17)

where A € R™*" is the actuator failure pattern matrix. We can derive v, (t) from

it nominal version:

i V) (t) = pihiKinwa + pitihi K. (4.18)

With the actuator failure model
a]'(t) = ajO + Z aijfaij (t)at 2 tj? (419)
i=1

we restructure pjv}, (t) to obtain the estimate vg,(;)(t) as

Xo1)fai (1) Pin

. Xi(a)Jai () iz
Vpa(i) (t) = dlag{pil, Pi2s -+ pin}hiKiQ(*‘}d + ] . (420)

i Xﬂn) .fai (t) ¢m

The adaptive laws for updating the parameter p;; of the controller (4.16) can be

generically chosen as

Pij = —’YijzzngjMij, (421)
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where 7;; > 0 is the adaptive gain, and

i = [1%'1, iz, ---7Mm]T = h; Kjowq, (4.22)

with h;, and Kj;, being the design matrices from the adaptive controller structure

(4.20).

Similarly, the adaptive laws for x;(;) can be chosen as

Xit) = Ty faizz 92535, (4.23)

where the parameter I'(;;) = F%;j) > 0 is the adaptive gain matrix. The function ¢; is
defined as ¢; = (i1, Piz, ..., Pin)’ = hi K.

In order to ensure the boundedness of the estimated parameters in the presence of
actuator failure uncertainties, we consider using a parameter projection scheme. We
first consider the physical range of the indicator functions p;. From the definition of
the indicator functions, we have 0 < p; < 1. Because p;; = p; We can see that the
estimated parameters p;; should also have the lower bound at 0 and the upper bound

at 1.

Let x;7, X;fjl? be the upper and lower bounds of the components x7; that is,
X3 <X <G (4.24)

With the upper and lower bounds of each component of y; , we can see that each
component of the estimated parameters x;(;) should also has the same boundaries as

the component of x; because x;(;) is the estimate of x;p; with 0 < pj < 1.

With the upper and lower bounds of the true parameters, we can modify the

adaptive laws, so that each component of the estimated parameters stays within its
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69

boundaries; and in particular, the initial conditions p;;(0), x;(;(0) are chosen inside

the boundaries.

The adaptive laws for p;;(t) becomes
o T
Pij = —Vij%2 92jij + Qpijs

where the projection function p,;; is chosen as

0 i pye),

or pi;; =0 and g,; >0,
Opij =
or pj;=1 and pg,; <0,

otherwise.

L~ Opij
with 9,;; is defined as

= T
Opij = —"ijZ2 925 Hij-

Similarly, the adaptive laws for x;;) = [Xi)1)s - Xi(j)(ns)) " Decomes
Xit) = —Lig) faizs 92ii + Oxiiy)-

where the projection function o0,y = [Qxi(j)(l), e gxi(j)(ni)]T is chosen as

0 if Xi(j) (k) € OGE, X;‘klg)’
i X = Xik and oyigyw) = 0,
gy =

or X)) = X and oy < 0,

otherwise.

L —Oxi(5) (k)
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with 0yi) = [0xi()(1), -+ Oxiti) )] 18 defined as

Ox1(j) = —F(z’j)fajzzTg2j¢z'j- (4.30)

With the parameter projection scheme and chosen initial conditions 0 < p;;(0) <
Lt < xige(0) < xif, we can guarantee the boundedness of every estimated pa-
rameter used in the adaptive actuator failure compensation scheme.

It can be proven that the adaptive actuator failure compensation scheme can
guarantee the asymptotic tracking of the system subject to uncertain actuator failure

for the system operating in each actuator failure case.

4.2.3 Design Procedure for General Case

In summary, we can design an adaptive actuator failure compensation scheme by the
following design procedure:

(i) Obtain a desirable signal wy = go(z1)u by using the backstepping design
method, which can guarantee the closed-loop signal boundedness and aspmtotic out-
put tracking of the system in the absence of actuators failures.

(ii) Assuming all actuator failures are known, develop a nominal control for the
system, which can produce a control signal v such that w; = ga(x)v for every desirable
actuator failure pattern o.

(iii) Derive the adaptive controller structure for the system subject to uncertain
actuator failure with the controller parameterization based on the nominal controller
structure developed in part (ii).

(iv) Develop an adaptive scheme with parameter projection for updating the es-

timated parameters used in the adaptive controller structure.
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Such an adaptive actuator failure compensation scheme is applicable to specific
system under this general cooperative robotic system model to improve the perfor-
mance of various cooperative manipulator robotic system subject to uncertain actu-

ator failures.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

In this work we have developed a new adaptive actuator failure compensation
scheme for a nonlinear multi-input multi-output cooperative robotic system subject
to uncertain actuator failure. As shown in Chapter III of this thesis, the adaptive
control scheme can ensure desirable closed-loop stability and asymptotic tracking
of the system subject to three cases of actuator failures. The results show that
the algorithm ensure the tracking of the system with both constant and sinusoidal
desirable trajectory.

The adaptive actuator failure compensation scheme can guarantee desirable closed-
loop stability and asymptotic tracking without the knowledge of which actuator is
failing and how much that actuator fails. If we know the output function that the
failing actuator can produce, we can design an estimated parameter to compensate
for such failure. From the simulation results we can also see that the algorithm can

work with both actuator degradation case and complete failure case.

We also expand the knowledge of the adaptive actuator failure compensation
scheme into a general class of cooperative manipulator robotic system. The research

show that we can design an adaptive controller that can guarantee system stability
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and asymptotic tracking for a class of the system subject to unknown actuator failure

without using an explicit fault identification scheme.

5.2 Future Work

In this study, we only consider using the torque of the motors as inputs of the
system. For the next step of this study, we can consider adding dynamic model of the
motor in the system. By consider using electrical voltage of motors as input of the
system, we can develop a more practical adaptive control scheme that can be used in
various robotic system.

In Chapter four, we only consider a simple class of cooperative manipulator robotic
system. In the future we can study other type of the system in order to extend the
application of the adaptive actuator failure compensation scheme to other classes of
cooperative robotic system. For example, a cooperative robotic system interacting
with geometrically unknown environment is an interesting application that we can
study.

Another aspect that we could consider is how to improve the performance of the
adaptive control algorithm that we had developed. One aspect might be to consider
the effect of other type of uncertainty to the system such as parameter uncertainty or

structure uncertainty, so that we can develop a more robust algorithm for the system.
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