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Abstract

Manipulators extend the application of mobile platforms, such as unmanned aerial vehi-
cles, underwater vehicles, and satellites. The dynamic coupling between the manipulators and
mobile base brings great challenges to the motion control of this complex model. The existence
of external disturbances and systematic uncertainties requires high robust control strategies.
This dissertation focuses on the trajectory tracking control and force control in joint space and
in task space. Theoretic analysis and simulation work are given to show the effectiveness of the
proposed controllers.

Three types of control strategy are proposed to follow desired joint trajectories:

1. adaptive backstepping with fuzzy logic

2. neural-adaptive control

3. adaptive dual integral sliding mode control

These controllers are explored by computer simulations.

A controller designed in task space is proposed to follow desired end-effector trajectory.
The mapping relationship between joint space and task space is modified to guarantee system
stabilities and a neural network is used to approximate system uncertainties. Simulation results
show the stability when applied to trajectory and force control tasks.

Since neural networks are used in several of the proposed controllers, a simplified robot
arm 1is built to verify the effectiveness of neural network. Two types of controllers, torque
control and position control, are tested in this platform and reasons are given to explain the
performance of the two controllers. In the experiments, the neural network compensator is able
to reduce the Integral of Squared Error (ISE) by more than 15x that achieved by the uncom-
pensated (“open-loop”) commercial controller, and 8x-20x better than the PID compensated

system.
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Chapter 1
Introduction

Robots have been widely used in many areas in recent decades. One typical application
is that they can work in dangerous environments. In industrial fields, robots are adopted to
reduce labor costs for sorting, fabrication, assembly, and painting. In the field of search and
rescue, robots are deployed to transimit real-time information. To explore the application of
robot arms, one novel strategy is to install one or more arms on a mobile base, such as drones,
land vehicles, and underwater vehicles. Compared to industrial robots with fixed base, they are
not restricted and move freely in space. Furthermore, with manipulators mounted on a floating
base, the combined system can carry out aerial and underwater manipulation tasks, such as

inspection of infrastructure, detection of fault, and submarine sampling.

1.1 Mobile end-effector applications

The utilization of manipulators extends the application of mobile platforms. Fig. shows
four application examples [1][2][3]. Installed on a ground mobile base, the combined robot
can be applied in the areas of defense, rescue and security, and counter-terrorism [4]]. In space,
robot arms are used to finish dangerous tasks, such as repair, capture debris and manoeuvre it
to lower orbit, which requires that the robotic spacecraft controls its orbit and attitude to reduce
the relative motion between the chaser and the target [5]. In the field of aerial manipulation,
mobile robots are used to deliver packages, inspect and repair high-voltage electric lines, and
wind rotor blade [6]. In underwater environment, the manipulator can be used to remove the oil
spill, grasp and transport objects, and dock to a subsea structure [[7][8][9]. In addition, mobile
manipulators are widely used in other interaction environment, such as medical and education

system.



(c). Drone base (d). Underwater vehicle base

Figure 1.1: Mobile manipulator application examples

1.2 Trajectory planning methods

To move an end-effector to a desired position in task space, inverse kinematics is necessary
to calculate the desired position for each joint. However, as the number of degree of freedom
(DOF) increases, infinite solutions exist due to system redundancy, which means it is difficult
to find one specified trajectory for every joint. Therefore, multiple trajectory planning methods
have been proposed based on different considerations.

Task-priority redundancy resolution has been suggested for end-effector path planning.
[10]. One primary task is assigned and multiple secondary tasks are selected. Lower level tasks
yield to higher level task when they conflict with each other. Antonelli and Chiaverini proposed
a fuzzy technique merged with task-priority inverse kinematics approach to distribute the mo-

tion between vehicle and manipulator for an underwater vehicle-manipulator system (UVMS)



[L1]. A multi-tasking, co-operative control framework was presented in [12] to handle multi-
tasking conflicts both in task and joint space for dual-arm robots. However, inequality con-
trol objectives are not integrated efficiently, which means the joint trajectories are not smooth.
To address the non-smoothness problem, Tang et al. [13]] proposed a redundancy resolution
with restoring moments optimized on acceleration level to avoid sudden acceleration change.
Simetti et al. [14][15] used task-oriented regularization and the singular value-oriented method
to eliminate discontinuities.

Joint-space redundancy makes it challenging to plan a path for a mobile end-effector, but
its advantages are utilized to avoid obstacles. Slotine et al. [[16] implemented a constraint task
that allowed the manipulator to avoid an obstacle while the end-effector tracked a trajectory
satisfactorily. Lillo et al. [17]] proposed an algorithm to generate a repulsive velocity for colli-
sion avoidance by computing the minimal distance between the control points and the objects
in the environment. A novel approach taking into account multiple control points and multiple
obstacles was presented in [[18]][19] to avoid obstacles. If the obstacle avoidance has the highest
priority in the hierarchy, all of the constraints will be respected. Considering multiple different
obstacles, Mu et al. [20] used the self-motion of the redundant manipulator to optimize the

normalized pseudo-distance by adaptive redundancy resolution.

1.3 Trajectory tracking control methods

A mobile base provides more flexibility while the manipulators remain kinematically redun-
dant, which increases the difficulty of trajectory planning. The dynamic coupling between the
mobile vehicle and manipulators makes it a highly nonlinear system. External disturbances,
such as airflow, water current, obstacles, and collision, increases the difficulties of stability
analysis and control. Considering the above factors, it is necessary to design robust controllers

to reduce the effect of disturbances and guarantee system stabilities for specific tasks.

1.3.1 Coupled and decoupled approaches

There are mainly two types of controllers depending on the structural features, coupled

and decoupled strategies. The coupled approach takes a model as a complete system while
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decoupled approach takes it as a combination of two independent devices, a mobile platform
and multiple manipulators. The effect of dynamic coupling is seen as an external disturbance
in the decoupled approach.

Hovering capability of aerial platforms is an important factor for manipulators attached on
unmanned aerial vehicles, also called unmanned aerial manipulator (UAM) [21]. As a coupled
system, the dynamic modeling is developed and a full-state feedback linear quadratic regulator
controller is designed through obtaining linearized model near steady state in [22]. In order
to keep position holding when picking and releasing an object, Kim et al. [23] proposed and
tested an adaptive sliding mode control strategy. A stable backstepping-based controller for
the multirotor that uses the coupled full dynamic model is proposed in [24]], and an admittance
controller for the manipulator arm is outlined. In addition, A hierarchical control structure was
proposed in [23] to tackle the problem of motion control of the end-effector of an UAM. For
mobile platforms working in underwater, such as underwater vehicles, the effect of external
environment should be considered when designing control strategies. To mitigate the distur-
bances of system noise and measurement noise, an indirect adaptive controller fused with an
extended Kalman filter (EKF) has shown high robustness even under severe disturbance condi-
tions [26]. Considering uncertainties in system parameters and thruster nonlinearities, a robust
controller with integral action was developed to improve the performance of a UVMS in uncer-
tain conditions [27]. For highly nonlinear systems, fuzzy logic systems have been employed
to model nonlinear functions and unknown components, which means fuzzy logic theory is
also able to be applied to trajectory tracking control of a mobile end-effector. A sliding mode
controller using fuzzy logic was designed in [28] to track the trajectory by adjusting the gains.

One advantage of the decoupled approach is researchers are able to design controllers
separately for the mobile base and manipulators. Since the two components are controlled in-
dependantly and dynamic coupling exists between them, the motion of manipulators can be
seen as a perturbation for the platform and vice versa. The literature review reveals a mul-
tilayer architecture to control multirotor UAVs equipped with a servo robot arm [29], where
the momentum-based observer presented in [30], [31] is employed to compensate neglected

aerodynamic effects and the arm dynamics. A neural network was utilized to approximate the



dynamics of the UVMS in decentralized form in [32]. However, to guarantee stability, it is
necessary design a disturbance compensator if the coupling effect is large [33].

Coupled and decoupled approach can be both adopted if they meet our trajectory tracking
requirements. In [34]], decoupled and coupled control strategies were tested on a same model
using a parallel position/force control structure with sliding mode controllers and incorporating
the mathematical model of the system, in which both of the two different control strategies

showed reliable performance.

1.3.2  Joint space and task space control

Depending on the space where controllers are designed, control methods can be divided into
joint space control and task space control. The control input is derived directly for each joint
for joint space control while the controller is designed in task space and the input is mapped
into joint space for task space control. Joint space control focuses on the trajectory of each joint
and task space control is usually used to follow a trajectory for the end-effector.

The mobile base and manipulators suffer from external disturbances, such as wind, cur-
rent, and collision. Some disturbance compensators are designed in joint space to increase
trajectory tracking accuracy. A sliding mode control fused with an uncertainty and disturbance
estimator is proposed in [35] to follow a desired trajectory for the end-effector. A nonlinear
disturbance observer using delayed estimates is utilized in [36] to perform motion control for
the mobile base and each joint. A joint space coordinate controller using nonlinear disturbance
observer is designed in [37] to reduce the effect of unknown disturbances. One crucial aspect
of control strategies is to consider the parametric uncertainties since the dynamic modeling is
developed in joint space firstly. Neural networks can be used to approximate unknown con-
tinuous functions and control complicated multi-input multi-output (MIMO) systems [38]][39]].
A recurrent wavelet neural network structure was designed for the approximation of uncertain
dynamics in [40]]. In UVMS areas, the neural network is also used to determine task-oriented
dexterity indices, which avoids lengthy calculation and reduces computational time [41]].

In order to follow a desired trajectory for the end-effector, inverse kinematics is necessary

for joint space control. However, infinite solutions exist due to system redundancy. As a result,



task space control, which avoids the calculation of inverse kinematics, is adopted in many
areas. The first step for task space control is to transform the dynamic model expressed in joint
space to task space [42]. A feedback linearizing control in task coordinates and an extended
Kalman filter (EKF) as a state observer are used in [43][44] to maintain its position in the
presence of unknown disturbances. A task space passivity-based controller with self-motion
of the mobile base was proposed to perform power efficient trajectory in task space because of
its kinematically redundant nature [45]]. A robust single input fuzzy logic control scheme was
proposed in [46] and applied to UVMS task-space trajectory control. To reduce the end-effector
interaction forces with the environment, an impedance control scheme was proposed in [47] in
end-effector space.

Transformation of dynamic model is necessary and the mapping between two spaces is
involved in task space control. However, tracking errors of end-effector can be used in the
feedback loop without calculating the inverse kinematics. It provides a convenient way for
the force control as well in task space. There is no need to transform the dynamic model and
disturbances can be integrated to controllers directly in joint space control. However, inverse

kinematics may be a tedious process for joint space control.

1.4 Research problems

Although the control methods described above demonstrate good performance in some cases,
the main drawback of these works is implementation complexity that is due to the high compu-
tation or complicated adaptation laws. The backstepping control methodology [48][49][S0] is
one decentralized control scheme with a systematic recursive design procedure that has widely
attracted researchers attention in recent years. There is also no need of linearizing the model
and the controller can be directly applied to nonlinear system satisfying strict feedback form
[51]. A fuzzy logic can be used to eliminate nonlinear terms. Inspired by these observations,
an adaptive backstepping control method fused with fuzzy logic is proposed for joint trajectory
tracking problems.

One crucial aspect of control strategies is to consider the parametric uncertainties. As

neural network can approximate unknown continuous functions, it is used to compensate for
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system parametric uncertainties. A nonlinear control method based on nominal dynamic model
is designed and an adaptive neural network is adopted to reduce the effect of systematic uncer-
tainties. Integral sliding mode control has the advantage of remaining high robustness under
uncertain conditions. Therefore, a dual integral sliding mode control strategy is proposed to
guarantee stability. For the control methods designed in task space [S2][S3/][54][S5], the dy-
namic model in task space is acquired using pseudo-inverse Jacobian matrix, which increases
calculations. The corresponding stability is verified in task space and the control input in task
space is mapped into joint space through a system Jacobian matrix. However, considering sys-
tem redundancy, a stable analysis in task space is not guaranteed to correspond to a stable state
in joint space. To address these issues, a control scheme without using pseudo-inverse Jacobian
matrix is proposed and the stabilities are verified both in joint space and task space.

In practice, there are unknown controllers inside the servos. Position and torque limit
are commonly used as inputs. A joint trajectory tracking controller using a neural network is
tested on a four-link robot arm. Besides, a neural network trajectory compensator is designed

to improve the performance of unknown controllers in the servo.

1.5 Overview of the contributions

In the following chapters, the research problems mentioned above are discussed in detail. A
UVMS model is used to study the performance of the proposed controllers in this work. In
Chapter 2, the kinematic and dynamic model of a UVMS with a three-link manipulator are
developed. In Chapter 3, three joint space controllers, backstepping control, adaptive neural
network control, and dual integral sliding mode control, are proposed and simulations explore
their effectiveness. In Chapter 4, a trajectory and force control method designed in task space
is proposed and system stability is analyzed. In Chapter 5, a torque-based controller and a
position-based neural network compensator are tested on a robot arm. Conclusions and future

work are given in Chapter 6.



Chapter 2

Kinematics and dynamics modeling of a UVMS

The controllers with a feedback form in this work are designed based on the kinematics and
dynamics model. Therefore, kinematic analysis is given and dynamic model of a UVMS is

developed in this chapter.

2.1 Kinematic analysis

The simplified model of a UVMS with assigned frames is shown in Fig. 2.1} It consists of
one ellipsoid vehicle and a three-joint manipulator. The manipulator is mounted on a base in

the vehicle. The generalized coordinates are expressed as:

¢=[Min q'" 2.1)

where vector 77; = [z y 2]" is the position of the vehicle expressed in the inertial frame. Scalars
x,y, and z are called surge, sway, and heave position, respectively. Vector 1 = [¢ 6 @/J]T is the
set of vehicle Euler angles in the inertial frame (also called roll, pitch, yaw angles, respectively).
Vector ¢ = [q; q2 g3]" is the set of manipulator joint angles.

The inertial frame J; and vehicle coordinate frame >3, can be written as O; — x;y;z;, and
T

O, — xyy,2p, respectively. Define v; = [u v w]" as the linear velocity of the vehicle expressed

in vehicle frame >.,. The velocity is related to the inertial frame velocity as:

v = R[Bﬁl- 2.2)



Heave(z)

Yaw ()
Initial frame

(fixed) Pfi\tch (@)
777777 v o
Roll (4) Sway (v)
Surge (x)

Figure 2.1: Frame assignment of a UVMS

where R? is is the rotation matrix expressing the transformation from ¥; to Y. Expressed in

terms of Euler angles, R}g can be written as:

CyCo S4Co —Sp
R} = —SyCp + CypSeSy  CyCp + SySeSy  S¢Co| - (2.3)

SySe + CypSeCy  —CySey + SySeChy  ChCo

where ¢, and s, are short notations for cos(a) and sin(«), respectively.
Define v, = [p ¢ r]* as the angular velocity of the body-fixed frame for the vehicle with
respect to the earth-fixed frame expressed in the body-fixed frame. We have the following

relationship between v, and 1), as:

vy = Jap72. (2.4)



where the matrix J,;, can be expressed in terms of Euler angles as:

1 0 —Sg
Jun = |0 Cy  CoSy | - (2.5)
0 —Sy  CeCy

The manipulator base coordinate frame 3 is written as: Oy — xoypzo. The vector from
the origin of %3, to the origin of 3, expressed in vehicle body-fixed frame is written as 7f,. The

rotation matrix expressing the transformation from > to >3, is:

01 0
R=110 0o]. (2.6)
00 —1

The linear and angular velocities for the center of the i*" link expressed in local frame are
expressed as:

v, =J€ 2.7)

w! = J} & (2.8)

T

where € = [v] vy ¢T]7T

represents the velocity of the UVMS expressed in body frames. Ma-
trices Jic,i and ij are the Jacobians corresponding to the point of force/moment application
[56]. Similarly, the linear and angular accelerations for the center of the " link expressed in

local frame are expressed as:

oL, =Jp €+ T (2.9)

wi=Ji &+ T L (2.10)

Based on Eq. (2.2) and (2.4), we have the relationship between body frame and inertial

frame velocities:

£ =Jv. (2.11)
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where

J} = J. . (2.12)

2.2 Dynamics modeling

There are mainly two methods used to develop the dynamic model for a UVMS, Lagrange’s
method and Newton-Euler method. Considering the structure of the UVMS used in this work,
the recursive Newton-Euler method is adopted to build its dynamic model. The process in-
cludes three steps. Firstly, a dynamic model in free space is developed, which means the hy-
drodynamics and restoring force are ignored. Secondly, the effect of hydrodynamics is added
to the model. Finally, a complete dynamic model is built by adding the restoring force and

moment.

2.2.1 Dynamic modeling in free space

The inertial force and moment for the center of the i* component (including the vehicle and
manipulator) expressed in local frame can be written as:

F} = mz'viz = mich,ié + szECZE (2.13)

7

N = I @} + wi x I w; = I (T} 6 + J4,6) + (J4,6) x I (T4 €). (2.14)

i (X Aad} i1

where m; is the mass of the i'"* component and I ! ; is the moment of inertia at the center. The
total force and moment exerted on the i** component expressed in local frame are expressed
as:

fi=Ri, f; +F. (2.15)

n; = N} + R, \n) +p,, x F +p, x R fif]. (2.16)

)
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where R}, is the transformation matrix from the (z + 1) frame to the i*" frame. Vector Pl
is the set of mass center position for the i component expressed in body frame. Vector p! i
is the origin of the (i + 1) coordinate frame expressed in the i’ coordinate frame. Then, the

moment of the i component is written as:

T=n. 2. (2.17)

where 2 = [0 0 1]T. Incorporating all the forces and moments, the dynamic equation of a
UVMS in a microgravity environment can be expressed as:

M;é + Csé = 7. (2.18)

where M ; and C/ are the mass matrix and Coriolis and centripetal matrix, respectively. Vector

T represents the resultant input in free space.

2.2.2 Hydrodynamics

The theory of fluidodynamics is rather complex and it is difficult to develop a reliable
model for most of the hydrodynamic effects. A rigorous analysis for incompressible fluids
would need to resort to the Navier-Stokes equations. However, the hydrodynamic effects are
considered in a context of automatic control, which means the calculation of hydrodynamic
effects is simplified. In underwater environment, the hydrodynamics mainly includes added
mass and inertia, hydrodynamic damping, current effects and buoyancy [S7)]. In this part, the
effect of hydrodynamics is discussed in detail.

(1). Added mass and inertia

The movement of a rigid body is able to cause the acceleration of the surrounding fluid,
which results in a reaction force that is equal in magnitude and opposite to the direction of
motion. That reaction force is called added mass and inertia term. Different properties hold

with respect to the (6 x 6) inertia matrix of a rigid body due to the fact that the added mass is

12



a function of the body’s surface geometry. Considering the geometry shape of the UVMS, the
added mass and inertia for an ellipsoid and cylinder are introduced in this part.

For a 6-DOF rigid body, the added mass and inertia term can be expressed as [38]]:

M, 0+ Crpv = Ty 4. (2.19)
in which
A Ap
M., — . (2.20)
Ay Ay
Coo— 033 —S(Apvp + Apva) . 221)

—S(Anvy + Appva) —S(Aqvp + Agvy)

v =[v] vi]t (2.22)

where vy, and v, are the linear and angular velocity of the rigid body. v is the acceleration of
the rigid body. S is the skew-symmetric cross product matrix.

If the body is completely submerged in the water, the velocity is low and it has three planes
of symmetry as common for underwater vehicles, the following structure of matrices M, 4 and

C, 4 can therefore be considered:

MrA - _diag{X’[u }/;')7 Z’Lih Kp? Mfﬁ NT} (223)
0 0 0 0 —Zpyw  Yyu
0 0 0 Yo Xuu 0
Coy— . (2.24)
0 —wa Y;',U 0 —N7'«7” Mq
wa 0 —Xfau Nf’l“ 0 —Hpp
~You  Xqu 0 —Myqg Kpp 0
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The added mass coefficients, [X;, Y;, Z,, K, M, N;], can be theoretically derived
by exploiting the geometry of the rigid body and applying the strip theory. For a cylindrical
rigid body of mass m, length L, and circular section of radius 7, the following added mass

coefficients can be derived:

X, =-—0.1m
Yy = — mpriL
Zu‘, = — 7Tp772[_/
(2.25)

K; =0

L 533
M; =— T L

1 —

= EWpFQL?’

Now, for the i*" component, the added mass effects can be expressed as external forces/moments

in the task space as:

Fopi= M4, L‘7 ) L T+ Cray L ’ (2.26)
Jai&+ J4€ i€
By multiplying the Jacobian matrix of the application pint, the added mass effects can be

written in joint space as:

T
b b
JLc,i R} 03,3

(]

TrAi = Foa, (2.27)

7

As the Jacobian matrices are expressed in the base-fixed coordinate, it is necessary to
change the expression of external forces/moments from the local coordinate of i component
to that of the base before multiplying by rotation matrices.

(2). Hydrodynamic damping

The viscosity of the fluid also causes the presence of dissipative drag and lift forces on the
body. The former are parallel to the relative velocity between the body and the fluid, while the

latter are normal to it. Both drag and lift forces are supposed to act on the center of mass of

14



the body. A common simplification is to consider only linear and quadratic damping terms and

group these terms in a matrix D(v)v, where

D(v) =D, (v) + Dy (v) = diag{X,,, Y, Zy, K, M,, N, }
(2.28)

+ diag{ Xupu/[ul, Yoo/ V], Zwpwl|w], Kpppilpl; Myjgllals Nop |7}

In Eq. (2.28)), the coefficients of this matrix are considered to be constant, and the detailed
analysis can be found in [59].
For cylindrical manipulators, if the z-axis of the local coordinate coincides with the cylin-

der axis, the damping effects along y and z axis are written as [60]:

L
foy = —0.50Cp,r; / (v, (z))?d. (229)
0

l;
fp. = —O.5pCD7iri/ (v, (z))?dw. (2.30)
0

in which p is the water density, Cp ; is the drag coefficient, r; is the radius of link, v, and v, are
the link velocities along y and 2 axis. To simplify the calculation process, the velocity of mass
center is used instead of integration. Therefore, the total damping force of the i*" link in body

frame is written as

T
fli?,i: {0 Dy, sz,i:| : (2.31)

Expressed in joint space, the damping effect of the " link is written as:
D, =J., Rfh, (2.32)

2.2.3 Current effects

Control of marine vehicles cannot neglect the effects of specific disturbances such as waves,

wind and ocean current. Currents can be very different due to local climatic and/or geographic
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characteristics. In this work, we assume that ocean current, expressed in the inertial frame, v,

1s constant and irrotational, such that

T
’Ug = Uc,xa Uc,y> Uc,27 O, 07 0 : (233)

ol = 0. (2.34)

[

Current effects can be added to the dynamic of the i** component moving in a fluid simply

considering the relative velocity in body-fixed frame
v.; = v; — Rivl. (2.35)
in the derivation of the Coriolis and centripetal terms and the damping terms.

2.2.4 Restoring force

The gravity and buoyancy of any component of a UVMS in inertial frame are obtained as:
G+ B; = (m; — pAi)'g. (2.36)

Here, G; and B; are the gravity and buoyancy of any component of a UVMS expressed in
inertial frame. A; is the volume. g is the gravitational acceleration. Denoted by (3, the

cumulative effect of the gravity and buoyancy in joint space is obtained as:

Bi=Jb., RYG:+ B). (2.37)

2.2.5 Complete dynamics model

By writing all the terms described above together, the complete dynamics equation of the

UVMS is:

M(¢,E)E+C(C,EE+ D& +G) =T+ f.. (2.38)
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where M (¢, §) is the inertia (mass) matrix and C(¢, §) is the Coriolis and centripetal matrix.
Vectors D((, &) and G(¢) describe the drag and restroing forces, respectively. The process

input is written as 7 and f. is the external force/moment mapped into joint space.

2.3 Dynamic model characteristics and transformation

2.3.1 Characteristics of the dynamic model

Controllers in the following chapters are designed based on the model (2.38)). The dynamic

model posseses two mathematical properties:

1. Matrix M (¢, &) is positive definite, which means oy > 0 (0p € R) exists to satisfy

O<M(C,£) < ool.

2. The relationship between M (¢, &) and C((, &) is

ET(M(¢.€) —2C(¢, )€ =0. (2.39)

To make the design process in a compact manner, in the following chapters, M, C, D

and G are used to represent M (¢, &), C(¢, &), D(¢, &) and G((), respectively.

2.3.2 Dynamic model transformation

From Eq. (2.2) and (2.4), we have

§=J)
. L (2.40)
E=J)+ K.
where
R}
Jb = T . (2.41)
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Substituting Eq. (2.40) into Eq. (2.38), we have
Ml +Cil+D+G=1+f.. (2.42)

where
M;=MJ}
(2.43)
Cr=MJ!+CJ}
Since Eq. (2.42) is a transformation of (2.38), it does not satisfy the characteristics de-

scribed above. In the following chapter, both dynamic models will be used.

2.4  Summary

In this chapter, the kinematics of a UVMS with a three-joint manipulator is derived and
Jacobian matrix is used to describe the velocities and accelerations. To develop the dynamic
model, the recursive Newton-Euler method is adopted and hydrodynamics, such as added mass
and inertia, hydrodynamic damping, currents, and restoring forces, is considered into the dy-
namic model. The corresponding characteristics of the dynamic model are introduced and a

transformation is derived.
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Chapter 3

Joint space trajectory tracking control

To complete a trajectory tracking task for an end-effector, the controllers are commonly
designed in joint space or task space. The general scheme for joint space controller is shown
in Fig. It can be seen that inverse kinematics is necessary and the controller is designed to
follow desired joint trajectory. Considering systematic uncertainties, three joint space trajectory
tracking controllers are proposed in this chapter. The control theories are demonstrated in detail

and simulation results show their effectiveness when applied to follow desired joint trajectories.

Desired o
e tfajeCtOry Desired j oin torques/ forces Joint
in task space Inverse |trajectories enll
kinematics Controller | |

Plant

Figure 3.1: The general joint space trajectory tracking controller scheme

3.1 Adaptive backstepping control with fuzzy logic

As a decentralized control scheme, the backstepping control methodology can be applied to a
nonlinear system without linearizing the model. A fuzzy logic estimator is able to approximate
unknown system terms. Therefore, we can design an adaptive backstepping controller with
fuzzy logic for a UVMS by using their advantages. The detailed design process is demonstrated

as below [61]].
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1. System states should be defined and trajectory tracking methods are kinematically de-

signed.
2. Dynamic controller is designed in this step to follow desired trajectory.
3. A fuzzy logic estimator is designed to eliminate system uncertainties and disturbances.

4. Stability is verified.

The proposed control scheme is shown in Fig.[3.2]

Step 2&3
Step 1 Fuzzy logic ¢
controller r—
éd L ST— Zy l - . C C
>@®— 4> > >
— _ L
£
Z
Cd = -+

Figure 3.2: The proposed adaptive backstepping controller scheme

3.1.1 Controller design

To apply backstepping control strategy, two states are defined as:

T =(
3.1

$2:¢.
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Here, ¢, ¢ are the generalized coordinates defined in the previous chapter. According to
Eq. (2.42)), we have the state equations:
d)l =T
(3.2)
ng :MI—I[T — C[l'g —D — G]
Step I:
The main objective of this controller is to follow desired joint trajectories. Given p, as the

desired position of a UVMS. Define error

21 = &1 — Pd (3.3)

29 = Lo — X1
where o is the estimated value of x,. By selecting o appropriately, zo approaches to zero.
Differentiating z;, we have:
Z1 =T —Pa=22t Q1 —Pa (3.4)
Select a; as:
o = —)\121 +pd. (35)

in which )\; is a constant.

For step 1, the Lyapunov function is defined as:

1
Vi= §Z1Tz1. (3.6)

Then,
Vi=2T2 = —Mzlz + 20 2. (3.7)

If zo = 0, then V1 < 0. which means the system is stable.

Step 2:
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The state variable of z5 can be written as:
Zy =&y — & = M; [T — Ciza — D — G| — a. (3.8)
Define the Lyapunov function as:
Vo= Vi + %(J}’zQ)TM (J722). (3.9)

Then,
. . 1 .
Vo =~z 2z + 28 2o + (JPzo) "M (JP25) + 5(J}’zQ)TM(J}’zQ). (3.10)

Substitute Eq. (3.8)) into the above equation,
Va=—Mz{z1+ 20 20+ (J)22) " (F + 7). (3.11)

where

. 1 .
f=-Ci(—D-G—-MJ, + 5MJ}’z2 + MJ}z,. (3.12)

It can be seen that f contains modeling parameters of the UVMS.

Define the control input as:

N ) . S (3.13)
I |

in which A, is a positive diagonal matrix. Vector ¢ is the output of a fuzzy logic system used

to approximate the UVMS modeling parameters. Substitute Eq. (3.13) into Eq. (3.11),
Va = =izl z1 — (J122) " Ao d 20 + (J722) " (F — ). (3.14)

If ¢ is selected approximately to satisfy f — ¢ = 0, then V5 < 0, so the trajectory tracking

error is stable.
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3.1.2 Fuzzy logic scheme

In this part, a fuzzy logic system is used to approximate the modeling parameters in
Eq. (3.12). A fuzzy logic system consists of four parts: the knowledge base, the fuzzifier,
the fuzzy inference engine and the defuzzifier [62]. The knowledge base is composed of a col-
lection of fuzzy IF-THEN rules in the following form:

RE:TF hy is pf and ... and h,, is uflf, then Bis B* (k=1,2,...,N)

where N is the number of rules. The input vector is expressed as H = [hy, ..., h, f]T € R
and B* is the corresponding output. In this case, H = x;. The membership function of
hj(j =1,...,ny) is written as /.

In this fuzzy logic system, the singleton fuzzifizer, product inference engine and center

average defuzzification are used to calculate the output, which is written as:

N nr .
> 0i TT (15(hs))
B="0 ~TT(H)®. (3.15)
> 1 #5(hy)
i=1j=1
where
L =[&(H),&(H), ... v (H)]' (3.16)
ng )
1:[1 M;(hj)
Gi(H) = J\?_nf— (3.17)
> IT #5(hy)
i=17=1
O =1[0,0,..05". (3.18)
The m!" output can be written as:
N nr .
>~ Omi TT (15(h;))
on(H) ==~ =T} (H)e, (3.19)
> 1w (h)
1=1 5=
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The control input consists of six input force/moment of the vehicle and three joint torques.

Therefore, the total fuzzy logic output is

o =A® = [p1(H) ps(H) ... oo(H)]"

Ir''(H 0 C)
1(H) ! (3.20)
0 T(H)| |Og
3.1.3 Stability analysis of the complete system
For a given arbitrary ¢(e > 0), an optimal parameter vector ®* exists to satisfy [63]]

If =¥l <e (3.2D)

® =0 - P (3.22)

Select the adaptive control theory as:
® = [(Jtz) " |T — 2k®. (3.23)

where v and k are constants, and v > 0, x > 0. For the complete system, the Lyapunov

function is chosen as:

1 1 1 ~p=
V= §z1Tz1 + §(sz2)TM(J}’z2) + E@qu (3.24)

V== Mziz — (J02)" Ao (J020) + (Jb2)T(f — ADY)
Lo, (3.25)
+ (JP2)T(A®* — A®) — — 2" D.
Y
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L2 I .
V<= Sz - (J2) (- 5)M T MJpz, - %@T@

oy 1 (3.26)
+ _@*T@* _I_ —62
¥ 2
in which X, is selected as Ay > I. Since M < ooI, then —M ! < —%I.
. 2 2 I —
V< Inzlz - S (J02) (e — S )M (Jbz) — - 3TH
2 209 2 27y
o 1 ) (3.27)
+ _@*T@* _|_ —62
¥ 2
Define ¢g = min{2\, U% min{\, — £}, x}, where min{A; — £} represents the minimum
nonzero element in the matrix. Then
V < oV + Coman- (3.28)
where
2 1
Coman = & TH* 1 —¢2 (3.29)
vy 2
Solve Eq. (3.28),
V(1) < Vo(t)eoot 4 Somaz (q _ gty
) “ (3.30)
<V(0)+ vt >0

Co
Therefore, V' is bounded and all the signals in closed-loop system are bounded. Moreover, the

tracking errors can be made as small as desired by adjusting the control parameters.

3.1.4 Summary of backstepping control

In this section, the adaptive backstepping control using a fuzzy logic scheme is proposed
for a UVMS. The Lyapunov function is used to prove its stability in each step. The simulation

results will be given in the last section of this chapter.
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3.2 Trajectory tracking control using a neural-adaptive network

In section the Lyapunov function is bounded, which means the steady-state tracking
error problem exists. To address this problem, there are commonly two strategies, adding a
feedforward term and an integration term. In this section, the integration method is adopted.
A nonlinear controller is designed to eliminate the nonlinear term in the dynamic equation.
Furthermore, an adaptive neural network is adopted to compensate for the uncertainty term

[64].
3.2.1 Controller design based on parametric uncertainties

Under parametric uncertainties, model (2.38]) can be written as:

(M; 4 0M;)¢+ (Cr+6C)¢+D +6D + G +6G =1+ f.. (3.31)

where
SM; = M; — M,

§C; = C; — C;

(3.32)
sD=D—D
G =G -G

In Eq. 1' M T C T 15, and G are the nominal model parameter values of the inertial matrix,
Coriolis and centripetal matrix, damping matrix, and restoring force matrix, respectively.

Consider the control law:

7-1:Ml(éd+KDé+er+K1/e)+C‘I¢+f)+é (3.33)
where
e=Ci—¢
c (3.34)
e=Ci—¢
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and ¢, and é’d are the desired position and velocity vectors of the UVMS. Parameters K p, K/,
and K p are the proportional, integral, and derivative gains, respectively, which are chosen as

diagonal matrices.
Substituting Eq. (3.33) into Eq. (3.31) yields:

where f, = MI_I((SMIE +6C;¢ + 6D + 6G — fe). In the absence of uncertainties, the
closed-loop dynamics are decoupled.

Define the error vector:

z=|el. (3.36)

Then, Eq. (3.35) can be expressed in term of state vector as:

x=Fx+ Ff, (3.37)
where
0 I 0 0
FE = 0 0 I , F=10]. (3.38)
-K; —-Kp —Kp I

It can be seen that the existence of uncertainties makes it more difficult for tracking error to
converge to zero. Since the uncertainty term is unknown, it is necessary to design a function to
approximate f, and add a compensation term to the controller. Therefore, the modified control
law is expressed as:

T=T1+T2 (339)

where T, = M fu and fu is the approximation of f,. The diagram of the proposed controller

is shown in Fig. Details of the approximation function fu are presented next.
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Figure 3.3: Trajectory tracking control scheme using neural network

3.2.2 RBF neural network approximation

The radial basis function (RBF) neural network is a three-layer feed forward network, which
uses a Gaussian function as a transfer function. The mapping from hidden layer to output layer
is linear and the advantage of using RBF neural network is to avoid local minimum problems.

The structure of a multiple-input and multiple-output (MIMO) RBF neural network is
shown in Fig. The input vector is denoted as X = |21 25 ... x|T, and H = [hy hy ... by, |t
is the radial basis vector, where h; has the Gaussian function form:

X —gl?

h; = exp( 55 ), j=1,2,...,m. (3.40)
j

Vector ¢; = [cjl Cj2 - Cj N]T is the set of center points of the jth basis function, and B =
[b1 by ... b, ] T is the stretch constant vector. The weight matrix is W = [w; ws ... w,,], where

Wy = [Wy Wea ... Wepn| T, s = 1,2, ..., m. Therefore, the output is

Y =[yi1ys...u0)" = WTH. (3.41)
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Input Hidden Output
layer layer layer

Figure 3.4: RBF neural network structure

If the unknown uncertainty term f;, is continuous and bounded, there exist a RBF neural

network f,(W™) to approximate f,,.

max || f.(W*) — £l < e (3.42)

W* = arg rré‘i/n {sup || fu — fu(W)||}. (3.43)

in which f,(W*) = W*'H, and ¢ is a very small positive number. Here, W* is the best
neural network output of the approximation function. Therefore, the tracking error state vector

equation (3.37) can be expressed as:
@ = Ex+ F{f,(W") + p} (3.44)

where p is the RBF neural network error, with the form p = f, — f.,(W™). In addition, p is

bounded, with bound gy = sup ||f, — fu(W™)||. So Eq. (3.44) can be written as:

& =FEx+F{W"H+ u} (3.45)
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3.2.3 Adaptive law and stability analysis

In this part, we choose to approximate W* in Eq. lb Chosse fu as:

f.=WTH.

Then substituting (3.46) into (3.39) and (3.31])) yields:

&=Ex+ F{-W H+p).

wt=wT_-w+
Define the Lyapunov function:

1 1, ~
V=-x"P —IW|]2.
3@ Pa+ oW

(3.46)

(3.47)

(3.48)

(3.49)

where v > (. Matrix P is symmetric positive definite, and satisfies the Lyapunov equation:

PE+E'P=-Q.

in which @ > 0.

The time derivative of Eq. (3.49) is:

. 1 1 =T _
V= 5[azTPm' + &' Px] + —tr(W W)
v
1 —~
= 5{mTP[Em + F(-WTH + p)]

—~ 1 T __
+ [2"ET + (-WTH + p)" F' Pz} + ;tr(W W)

1 —~ 1 T __
= E[.qu(PE + E'P)x| + [-W'H + u|"F' Pz + ?er(w W)
1 — 1 =T
= —EwTQm ~H'WF'Px + p' F*Px + —tr(W W).
gl
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Because

H"WF"Px = tr(F"PeH"W). (3.52)

Then Eq. (3.51) can be written as;

. 1 1 ~ T
V= —ia:TQac +u'F*Px + ~tr(—yF"PzH'"W + W W). (3.53)
Y
The adaptive law is selected as:
W — vHz"PF. (3.54)
Therefore,
: 1
V= —E:cTQ:C + putFTPx. (3.55)
As noted earlier, p is bounded, and F' is known in Eq. (3.38). Therefore,
1] < [lmoll, [1FIl = 1. (3.56)

If A\vin (@) is the minimum eigenvalue of @ and .. (P) is the maximum eigenvalue of

P, then

. 1
V < =5 Min @)l + {110l Ao (P 2]

2
1 : (3.57)

= Sl [Amin(@)]2]] = 2{[10][Amaz (P)]

To make V < 0, Amin(Q) should satisfy the condition:

2 maz (P)

Amin > — = : 3.58

Therefore, V' is bounded and the error states are bounded in the closed loop system. Moreover,

the tracking errors can approximate to zero with the integral term in 7.
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3.2.4  Summary of neural network control

In this section, a nonlinear controller is used to eliminate the nonlinear dynamic term and a
neural network is used to approximate system uncertainties. An adaptive law is given and the
stability of the system is proved using Lyapunov function. The simulation results will be given

in the last section of this chapter.

3.3 Adaptive dual integral sliding mode control

Sliding mode control is assumed to be a robust technique capable of stabilizing nonlinear sys-
tems in uncertain conditions [65][66]. However, chattering phenomenon exists when applied
to a nonlinear system [67]. In a worse situation, the dynamic system can not remain robust
against uncertainties. Therefore, integral sliding mode control was proposed in [68]][69][70] to
guarantee a strong robustness. This strategy handles problems based on the prerequisite that the
nonlinear dynamics and all the states of the system are available [71]. However, not all states
measurements are available in real applications and nonlinear dynamics is not exactly known.
One approach is to use neural networks to enhance robustness by eliminating the uncertainties
and disturbances [72]][73]]. Therefore, the combination of integral sliding mode control and
neural networks can guarantee strong robustness for an uncertain and nonlinear system. In this
part, an adaptive dual integral sliding mode controller is proposed based on the nominal model,
which contains an inner dynamics control loop and an outer kinematics control loop. A neural

network is designed to eliminate the uncertain disturbance term.

3.3.1 Proposed controller

The proposed controller contains three parts: an inner integral sliding mode dynamic control
loop (also called velocity loop) is proposed to control the position of the UVMS; An outer
kinematic control loop (also called position loop) is designed to give the desired velocity for the
inner loop; A neural network is used to overcome the effect of uncertainties and disturbances.
The combined three parts work together to provide strong robustness for the system. Before

the explicit explanation of the three parts, the complete control scheme is shown in Fig.[3.5]

32



de

X4
—

Inverse
kinematics

Cd': éd

Outer loop

(Kinematic control)

Inner loop
(Dynamic control)

UVMS
(Plant)

¢¢ ¢

¢

Figure 3.5: Complete control scheme

3.3.2 Inner loop design

Based on Eq. (2.38)), we have

3

MY (r-C¢—D-G-ad).

(3.59)

The scheme of inner loop controller is shown in Fig. 3.6] Vector w, is the reference

velocity of the inner loop, which is the output of outer loop as well. The tracking error is

written as:
w, = wy — &. (3.60)
Adaptive
’:'_ Mechanism
MCE+D+G T3 | RBF Neural | R: + Cd, Cd
. + + Network | - .
Wq d | wg+ ~ + T + 7 I
e o L . N "[\r — ¢.¢
+ + +
+ e 72
_T £ 9_
¢ J Pr SigN(Sy)
+
S. =
+'é o ﬂsn + H1Sn

Figure 3.6: Inner loop scheme
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Then, an integral sliding mode surface is defined as below,

t
Sy, = W, + kn/ w.dt. (3.61)
0

where kn = diag{knl, knz, ceey kng}

The derivative of the integral sliding mode surface is written as:
Sy = We + knwe = Wy — € + kywe. (3.62)
Substituting Eq. (3.59) into Eq. (3.62), we have
Sp=wg— M (1—Ct—-D -G —d)+ k,w,. (3.63)

Based on Eq. (3.63), the control input is designed as:

T=T+T+ Ta. (3.64)
where
T = M(wy + kywe) + C&E+ D + G+ Cs, + sy, (3.65)
Ty = pp sign(s,). (3.66)
=WTH. (3.67)

For the control input in Eq. (3.64), 7 is designed based on the nominal model and 7 is a
robust term to overcome the effect of control errors. Parameters i and p,, are constant numbers.
To avoid trajectory tracking chattering, a neural network, 73, is utilized to eliminate the effect

of uncertainties and disturbances.
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Substituting Eq. (3.64), (3.63), (3.66), and (3.67) into Eq. (3.63),

S, = —M‘l[ésn + uS, + pnsign(s,) — WTH — o). (3.68)

where g is bounded and satisfies ||o|| < €.

3.3.3 Adaptive law and stability analysis

Define the following Lyapunov function for the UVMS,

1 o 1, =~
V=—-s'Ms, +—||W|?. (3.69)
2 27y

The time derivative of Eq. (3.69) is

. 1 X R 1 —_—
V= 5331\43” + 8- Ms, + ~tr(WTW). (3.70)
gl

Because M —2C is a skew-symmetric matrix, then substituting Eq. (3.68)) into Eq. (3.70

yields:
V = —s s, + pnsign(s,) — po — WTH]

1 ~

+ —tr(WTW)
7 N (3.71)

= — 18,80 — (I8ulpn — s 00) + 5, W' H

1 ~

+ = tr(WTW).
g

Because
— 1 —
SSWT'H = —tr(yWTHs)). (3.72)
Y

Select the adaptive law as:

W =-W = Hs". (3.73)
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Substituting Eq. (3.72) and (3.73)) into Eq. (3.71)), we have

V = —usts, — (|Sn]pn — SEpo). (3.74)

If p,, is chosen as p, > ||uo||, then V < 0, which means the inner loop is asymptotically

stable.

3.3.4  Outer loop design

The outer loop is a position loop, which is used to generate desired velocity inputs for the

inner loop. The outer loop scheme is shown in Fig.

+

+ Wdw Wq

Pw Sat(Sy, Cu)

b
r

S
y

A
+f\

Ca

Figure 3.7: Outer loop scheme

Give the desired position input {,, the tracking error is:

e—Ci—C. (3.75)

The outer loop integral sliding mode function is defined as:

t
Sy =€+ k:w/ edt. (3.76)
0

where k,, = diag{ky,1, kw2, ..., kws }- Then,

Sp =€+ kpe =Cy— ¢+ kye. (3.77)
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Based on the inner velocity loop analysis, there exists a small error vector € to satisfy:

¢ = waw + € (3.78)

where wy,, is the output velocity of the outer loop, in which the velocity of vehicle is expressed

in inertial frame. The relationship between wy,, and w, is written as:

P (3.79)
Therefore,
S0 = €y — Waw — € + kye. (3.80)
Here, wy, is selected as:
Wi = Cq + kye + Puw Sat(Sy, Cy). (3.81)

where p,, is a constant number. sat(s,,, ¢, ) is a saturation function, which has the following

form:

S 1Al <e
sat(A, c) = (3.82)
sign(A), |A]>c¢

where c is a constant number.
Substituting Eq. (3.81) into Eq. (3.80) yields:
Suw = —Pusat(Sy, cy) — €. (3.83)

Then,

518, = —pusy sat(Sy, Cy) — SLE. (3.84)

If p,, is selected large enough to satisfy s s,, < 0, then the outer position loop is stable.
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3.3.5 Summary of dual integral sliding mode control

In this part, a dual integral sliding mode controller is proposed and the stability is analyzed. A

neural network is adopted to eliminate system uncertainties as well. Lyapunov function shows

its robustness and the performance is shown in next section.

3.4 Simulation results and discussion

In this section, the application of the proposed three joint space trajectory tracking control

strategies are simulated and the performance is compared.

34.1

The UVMS model consists of one ellipsoid vehicle and a three-joint manipulator with

cylindrical links. The geometric and mass properties and the hydrodynamic parameters of the

Description of the UVMS

UVMS are shown in Table.[3.1]and[3.2] Vector 7 is set to be 7% = [0 0 — 0.4]"m.

Mass | Dimensions 1. I, 1. A
(kg) (m) (kg -m?) | (kg-m?) | (kg -m®) (m?)
Vehicle | 200 b=05 13.6 7.2 13.6 0.1885
a,c=10.3
. L=03 4
Link 1 5 0.0407 0.0407 0.0063 5.89 x 10
r =0.025
Link 2 10 0.0093 0.1047 0.1047 | 7.854 x 10
r =0.025
Link 3 10 0.0093 0.1047 0.1047 | 7.854 x 10
r =0.025
Table 3.1: The mass and geometric parameters of the UVMS
M, 4 = diag{38.633, 72.54, 38.633, 0.579, 0, 0.579}
Vehicle D, (v) = diag{—20, —7, —20, —10, —3, —10}
D, (v) = diag{—150, —100, —150, —50, —7, —50}
Link 1 M, 4 = diag{0.589, 0.589, 0.5, 0.0044, 0.0044, 0}
Cp=1.1
Link 2 M, 4 = diag{1, 0.7854, 0.7854, 0, 0.0105, 0.0105}
Cp=1.1
Link 3 M, 4 = diag{1, 0.7852:, 0.7?514, 0, 0.0105, 0.0105}
p =1

Table 3.2: Hydrodynamic parameters
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3.4.2 Description of the task

A desired joint trajectory is given to test the three controllers. The desired motion of the

vehicle is to remain stationary, which means 7, = 0. The desired joint motion is:

T

— gin(——+¢

G1q = sin( 10 )

= sin(—=t) +
(24 = Sl 10
.o

Q34 = Sln(Et) —

SERIE

3.4.3 Parameters of the controllers

A. Parameters of backstepping control

(3.85)

For each input variable H of the fuzzy logic, the Gaussian membership functions are

defined as

The initial ® and other parameters are set as follows:

P =0.1 % ]_3><9
k=100, v = 30, A\, = 50
Ao = diag{500 500 1000 100 100 100 100 100 100}

B. Parameters of the neural network control

The center point vector matrix of the neural network is :

Cnem"al - [Cl Cy C3 Cy 05]

= [_2127><1 - 127><1 027><1 127><1 2]-27><1]
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The stretch constant vector is selected as B = [1 1 1 1 1]T. The initial weight matrix is
set as W = 0.1 X 1549. The matrix @Q is selected as Q = 200 x I,;. The adaptation gain is

~v = 50. Gain matrices K p, Kp, and K are selected as:

Kp = diag{[250 250 250 100 100 100 250 250 250]}
Kp = diag{[50 50 50 50 50 50 50 100 100]} (3.91)
K; = diag{[50 50 50 50 50 50 50 100 100]}

C. Parameters of the dual integral sliding mode control

The center point vector matrix of the neural network is :

Cneural = [cl Cy C3 Cy CS]

(3.92)

= [_2118><1 - 118><1 018><1 118><1 2]-18><1]

The stretch constant vector is selected as B = [3 3 3 3 3]*. The adaptation gain is 7 = 2.
For the inner integral sliding mode control, k,, = Igy9, p, = 1.5, and p = 150. For the outer

integral sliding mode loop, k., = Isxs, p = 1, and ¢,, = 0.003.

3.4.4 Simulation results and discussion

In this part, simulation results are given to show the performance of the three controllers. To
demonstrate the results briefly, backstepping control, neural network control, and dual integral
sliding mode control are written as BS, NN, and DL, respectively. The vehicle position and
attitude response are shown in Fig. - It can be seen that there are steady state tracking
errors for the backstepping control. As explained in Section. [3.1] the adaptive law and param-
eters are selected to guarantee system stability and tracking errors can be made as small as
desired by adjusting the control parameters, which means tracking errors can not be eliminated
completely. For the neural network control strategy, tracking errors converge to zero due to the
integral term in the control model. For the dual integral sliding mode control, it can be seen

that the UVMS remains highly robustness and the tracking errors converge to zero quickly.
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The periodic desired joint trajectories are shown in Fig. The joint tracking errors are
shown in Fig. [3.15]- For the backstepping control, there are fluctuations when the joint
starts to move because the fuzzy logic adjusts its parameters adaptively. For the neural network
control, similar tracking errors occur in every period. The UVMS keeps high robustness and

the tracking errors remains very small for the dual integral sliding mode control.

x10™

Vehicle position x (m)

Time (s)

Figure 3.8: Vehicle position in x direction

3.5 Summary

In this chapter, three joint space trajectory tracking controllers, backstepping control, neural
network control, and dual integral sliding mode control, are proposed and tested. Backstepping
control is a decentralized strategy which can be applied to nonlinear system directly. Dynamic
model of the UVMS is not used in this method, which means there is no need to develop
the dynamic model for complex system. A fuzzy logic is designed to approximate uncertain
dynamic terms. In the neural network control part, a nonlinear controller based on nominal
dynamic model is given and an adaptive neural network is proposed to eliminate system uncer-

tainties. Considering the advantages of integral sliding mode control and neural network, the
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Figure 3.10: Vehicle position in z direction
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Figure 3.11: Vehicle attitude along x-axis
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Figure 3.12: Vehicle attitude along y-axis
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Figure 3.13: Vehicle attitude along z-axis
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Figure 3.14: Desired joint trajectory
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Figure 3.17: Joint 3 error

combination of the two parts are utilized to control the UVMS and the performance shows high

robustness. The advantages and disadvantages are summarized as below.
Advantages:

Backstepping control: Dynamic model is not necessary, which means it is a good choice
for complex models; It is a decentralized control scheme with a systematic recursive design
procedure; Tracking errors can be made as small as possible by adjusting controller parameters.

Neural network control: Steady state tracking errors are eliminated; Neural network is

used to approximate system uncertainties.

Dual integral sliding mode control: This method shows high robustness when used to
complete tasks.

Disadvantages:

Backstepping control: Steady state tracking errors exist and can not be eliminated; There
are fluctuations at the beginning.

Neural network control: Periodic tracking errors exist for periodic joint motion.

Dual integral sliding mode control: The design process is complex.
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Chapter 4

Task space trajectory tracking and force control

Robot dynamics are typically modeled in joint space coordinates, but ultimately, such systems
must complete their work in the task space. In the previous chapter, an inverse kinematics
model is necessary for joint space control, and joint space controllers can be applied to finish
simple tasks. Inverse kinematics can be difficult to derive for complex tasks, however, and
may notbe unique, especially for redundant manipulators, including UVMS. To address such
challenges, a task space trajectory tracking and force control strategy is proposed in this chapter

and computer simulations explore its effectiveness.

4.1 Problem specification

The dynamic model of (2.38)) can be written as:

Mé+H+6=r. (4.1)
where H = C’ﬁ +D+G.disa clumped uncertainty term. The inertia matrix M is symmetric
and positive definete. Therefore, we have:

E+MY(H+68)=M'r. (4.2)
For a robot system, the force in joint space can be seen as a mapping from forces in task

space. The relationship is expressed as

r=J'F... (4.3)
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where J is the Jacobian matrix mapping joint velocities into task space. Vector F. is an
equivalent external force excerted on the end-effector.

The velocity of end-effector expressed in task space is

z. = JE. (4.4)

Differentiating both sides, we have

&, = JE+ JE. (4.5)

Substituting Eq. (4.3) and (4.5)) into Eq. (4.2), we have

Ad.+AJM ™' (H +6)— AJE = F... (4.6)

where A = (J Mg T)=1. In order to control the trajectory of end-effector in task space, one

classical strategy commonly adopted is

F.=A(Z.q+ K,e+ K,e+ K; / e)+AJM'H — AJE. 4.7)

where € = .y —x. and € = x.4—x.. Vectors .4 and x4 are the desired end-effector position
and velocity. Diagonal matrices K,, K, and K are the corresponding gains, respectively.

The integral term is used to eliminate steady-state tracking errors. Substituting Eq. (4.7) into

Eq. (4.6), we have

é+Kvé+er+Ki/e:A. (4.8)

where A = JM7T$. The existance of uncertainty term A can affect the tracking accuracy.
For a redundant UVMS, there are infinite joint velocity solutions corresponding to one

specific velocity vector in task space. Similarly, due to the redundancy, there are infinite joint

space force solutions corresponding to one specific task space force vector as well. Therefore,

one risk of using Eq. (4.3)) as control input is that the system is not guaranteed to be stable
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in joint space. The relationship between control inputs in joint space and task space is shown
in Fig. d.1] A stable task space force vector corresponds to infinite joint space forces, which
cover both the stable and unstable areas. An unstable task space force vector corresponds an
unstable force area in joint space. Therefore, a stable task space input F. is not guaranteed
to correspond to a stable area in joint space. Fig.[4.2]shows a case where the task space force
input lies in the stable area while the corresponding joint space force input lies in the unstable
area. The end-effector is able to track the desired task space, which means it is stable in task
space. However, the roll angle ¢ increases exponentially, which means it is unstable in joint

space.

Unstable Unstable

Stable Stable

Joint space force Task space force

Figure 4.1: The relationship between joint and task space force

4.2 Task space trajectory tracking control

Considering the issues in section we have the following concerns when designing a

control strategy in task space:
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Figure 4.2: Unstable case
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1. The mapping relationship of Eq. (4.3]) should be modified to make sure a stable control

input in task space lies in the stable area in joint space as well.
2. A compensator should be designed to eliminate the effect of uncertainty term A.

3. The stability should be verified in both joint space and task space.

4.2.1 Task space trajectory tracking controller design

The mapping relationship of Eq. (4.3) should be modified to guarantee system stability. Let

us define:

J = M1JTA. (4.9)

Jisa generalized inverse of the Jacobian matrix corresponding to the system that minimizes
the instantaneous kinetic energy of the UVMS [74]]['75]].
Lemma: The unconstrained end-effector is subjected to the task space force F. if and

only if the generalized joint space control input is expressed as:

T=JF; + . (4.10)

where

™~ = (Igrny — J I ") 0. 4.11)

Here, I(s.n) is a (6 + n) x (6 + n) identity matrix. Scalar n is the number of joints for the
manipulator. Vector 7y is an arbitrary joint space input vector and 7y corresponds to a null task
space input vector, which means any joint space input 7 has no effect on the task space control
vector. An appropriate 1, should be selected to guarantee the stability in joint space. In this

section, Ty is selected as:

10 = —ke ME. (4.12)
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where k¢ is a positive coefficient. Substituting Eq. (4.12)) into Eq. (4.11)), we have

T~ = keJTAd — ke ME. (4.13)

Finally, the control input in joint space is expressed as:

7 =J F,. + keJ Ak — ke ME. (4.14)

The stability of using Eq. (4.14) is analyzed in To eliminate the effect of uncertainty
term A, a same neural network as shown in section [3.2.2]is adopted in this part. The actual

output of neural network is expressed as:

f,=wWTU. (4.15)

in which W is the actual weights of the neural network and U is the radial basis vector. There-

fore, the uncertainty term can be expressed as:
A = f(W?™) + py. (4.16)
where g is bounded and satisfies || po|| < €

4.2.2 Adaptive law design and stability analysis in task space

Considering the neural network compensator, the control input in task space can be expressed

as:

Fp=A(iq+ K,é + Kye + K; / e)+AJM 'H — J¢+ f,). (4.17)

Then substituting Eq. (#.16) and (4.17) into Eq. (4.6)) yields:

é+ K.é+ Kye + Ki/e = WU + po. (4.18)
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where WT = WT — W*T. Define the error state vector:

Then Eq. (#.18)) can be expressed in term of state vector as:

$=As$+ F(—-W"U + py).

where
0 I 0 0
A=1| 0 0 I |,F=]|o
-K, -K, -K, I

Define the Lyapunov function:

1 1, ~
V=-s"Ps+—||W|J>
38 Ps+ 5 IV

(4.19)

(4.20)

(4.21)

(4.22)

where v > 0. Matrix P is symmetric positive definite, and satisfies the Lyapunov equation:

PA+ATP=-Q.

in which Q > 0.

The time derivative of Lyapunov function is:

. T
V= %[STPS + T Ps] + lw(W W)
gl
1 — —
= §{STP[AS + F(—WU + po)| + [s"AT + (-WTU + po)* F'|Ps}
1 T _
+ —tr(W W)
Y
—~ 1 ~ T __
[s"(PA+ ATP)s] + [-W'U + py|"F'Ps + ;tr(W W)

1 — 1, =T
- —isTQs ~U"WF'Ps+u F*'Ps + —tr(W W).
gl

N | —
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Because

U'WF"™Ps = tr(FTPsU™W). (4.25)

then Eq. (4.24) can be written as:

: 1
V=-— §STQ8 + i FTPs
I R (4.26)
+ ~tr(—yFTPsU"W + W W)

f)/

The adaptive law is selected as:

W — Us"PF. 4.27)
Therefore,
. 1
V= —§8TQS + py F*Ps. (4.28)
As noted earlier, ||uo|| < € and ||F'|| = 1. If \,,;,(Q) is the minimum eigenvalue of @ and

Amaz(P) is the maximum eigenvalue of P, then

. 1
V< _5/\mm(Q)||S||2 + EOAmax(P)”S“

1 (4.29)
= =5 lIsllAnin(@)l[s]] = 2€0Amas (P)]
To make V < 0, Amin(Q) should satisfy the condition:
260)\mam(P>
Amin(Q) = ———— (4.30)

Isl]

Therefore, the error states and Lyapunov function V' are both bounded, which means the

controller designed in task space is stable.
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4.2.3 Stability Analysis in Joint Space

The mapping relationship of Eq. (4.14) is used to implement the control input of Eq. (4.17).
Considering the redundancy characteristic, the stability in joint space should be satisfied as

well. Expanding Eq. (4.14), we have the control input in joint space as:

r=J'A@+ Keé+ Ke+ K, / e)
4.31)
+A(JM'H — JE + f,)] + dE.

where

d=—[(K, — keI)J"AJ + kM), (4.32)

The UVMS can be considered as a conservative system subjected to the dissipative forces

due to the velocity damping term — K,z in Eq. (4.17). The forces are expressed as:

fais = d§. (4.33)

If min(K,) > ke, then d is a negative definite matrix. Lyapunov stability analysis shows

that

ghde < 0. (4.34)

which means the system is asymptotically stable in joint space.

4.2.4 Simulation results and discussion

In this section, the performance of the proposed task space controller is analyzed by applying

it to track a desired trajectory.
The structure parameters of the UVMS and the hydrodynamic parameters are the same as
in Table[3.1]and[3.2] The initial configuration of the UVMS is ¢ = [000000 090 —30]m, deg.
The desired trajectory of end-effector is to track a triangular with three vertices [0 0.7464 —

0.9]m, [0 0.7464 — 1]m, and [0 0.6464 — 1]m. A fifth-order polynomial trajectory generation
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approach is used for each segment and the time period is 10s. The sampling frequency is

1000Hz.

The proportion-integration-differentiation parameters are selected as:

K, =diag{[10 10 10]}
K, =diag{[555]} - (4.35)
K; =diag{[5 5 5]}

For the mapping modification, k¢ = 20. In the neural network, v = 20, and Q = 100 x I.

The initial value of W is set to be 0.001 x I5ys. The corresponding Gaussian functions are

shown in Fig. 4.3]
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Figure 4.3: Neural network functions

Vehicle position and attitude responses are shown in Fig.[#.4] Despite the trajectory plan-
ning is in task space, the motion of vehicle is smooth with small linear and angular displace-
ment. The vehicle velocities are shown in Fig. 4.5 It can be seen that the linear and angular
velocities approach to zero as the end-effector approach to the destination, which means the
UVMS stays stable in joint space. The manipulator joint angles and velocities are shown in

Fig. 4.6 Compared to vehicle, the manipulator moves in a larger range, which shows that the
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trajectory of end-effector is realized mainly by the manipulator. Joint velocity response shows

the manipulator is stable as well in joint space.
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Figure 4.4: Vehicle displacement

In task space,the trajectory of end-effector is shown in Fig. The tracking errors are
shown in Fig. 4.8 It can be seen that the proposed controller is capable of tracking desired

trajectory with high accuracy. There are some vibrations at the beginning because the neural
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Figure 4.6: Joint response
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network should adjust its parameters adaptively. After that, the tracking errors are smooth,

showing that the system is stable in task space.

— Actual trajectory

-0.9 -, —Desired trajectory
£-095
N
1L
0.75
0.7 '
— 0 3
065 .5 =10
y (m) X (m)

Figure 4.7: End-effector trajectory

4.2.5 Summary of task space trajectory tracking control

In this section, the mapping relationship between joint space and task space is modified to
guarantee the stability in both joint and task space. The simulation results showed its effective-

ness when applied to complete a trajectory tracking task.

4.3 Task space force control

Contact between the manipulator and the environment is usually difficult to model. In this

section, a force control term is added to Eq. (4.31)) to finish a force control task.
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Figure 4.8: Tracking error

4.3.1 Contact with the environment

In this part, we will resort to the simple model constituted by a frictionless and elastically
compliant plane. The force at the end-effector is then related to the deformation of the environ-

ment by the following simplified model [76]:

fe=K(x —x.). (4.36)
where x is the position of the end effector expressed in inertial frame. A constant vector x..
represents the position of the unperturbed environment expressed in the inertial frame, and

K = knn". (4.37)

with £ > 0 is the stiffness of the environment. Vector n is normal to the plane. A planar view
of the contact model is shown in Fig. The range space of K, R(K), is constituted by all
the vectors parallel to n, which are normal to the plane. Similarly, R(I3x3 — nn™) spans the

space of the vectors parallel to the contact plane.
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Figure 4.9: Planar view of the chosen contact model

4.3.2 Force controller design in task space

In order to implement the force control in task space, a simple force control term is given as:

t
Fro= —fut Kpf+Kpnf + K / Ft 438)
0

where Ky,, Ky,, and Ky; are scalar positive gains. The desired force is f; and the external
force is f;.. The force tracking error is written as f=7fi—f.

Adding Eq. (#.38) into (4.31]), we have the force control expression in joint space as:

T=J'A(E+ K.+ Kye+ Ki/e) +J" fre
(4.39)
+AJM ' H — JE+ f,)] + dE.
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4.3.3 Force control task description

In this part, simulation results are presented to demonstrate the effectiveness of the proposed

force control strategy. The initial configuration is:

= — m, deg. .
¢=[0000000120 —30]T m, d (4.40)

which corresponds to the end-effector position , = [0 0.7464 — 0.5]"m. The position of
the contact plane is set to be z = —0.8m. The stiffness coefficient of the environment is

k = 10*N/m.

-

LIl TRl T T e
-0.5 0 0.5 1

Figure 4.10: Initial configuration for force control

The task of the end-effector is to move directly to the plane and apply a constant force on
this plane. The end-effector moves towards the plane in 10 sec. Once the contact is detected,
the force control strategy is used to control the motion of the end-effector. The desired force
is 2 = [0 0 200]"N. The force control parameters are K, = 0.01, K, = 0.005, and Ky; =

0.005, respectively.
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4.3.4 Simulation results and discussion for force control

The vehicle and manipulator response are shown in Fig. 4.T1]- F.13] At ¢ = 10s, the end-
effector contacts with a surface and the force control is activated. It can be seen that the velocity
of vehicle and manipulator approaches to zero, which means the system is stable. Fig. -
@] shows the position of end-effector. In the x direction, there are small fluctuations due to
the coupling in the neural network. The contact between the surface and end-effector causes
the motion in y direction. However, the end-effector recovers quickly and tends to be stable.
Fig. .16 shows the position of end-effector in z direction and Fig. shows the force of
end-effector. It can be seen that the proposed control approach is able to complete force tasks

effectively.

4.3.5 Summary of force control

In this section, a force control term is added to the proposed control model in task space
trajectory tracking control. A constant force task is given and the simulation results confirm

the effectiveness of the proposed force control strategy.

4.4 Chapter summary

In this chapter, a task space trajectory/force control strategy is proposed. A mapping re-
lationship from task space to joint space using a Jacobian matrix can not guarantee system
stability. Considering this issue, the mapping relationship is modified and system stability is
analyzed using Lyapunov function. The simulation results show its effectiveness when applied
to trajectory tracking tasks. A PID type force term is added to the controller designed for task
space trajectory tracking. The end-effector is able to apply a constant force on a surface and

stays stable for both the vehicle and manipulator.
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Chapter 5

Trajectory tracking control experiment using neural network

In the joint space and task space trajectory tracking control, a neural network is adopted
to eliminate system uncertainties. Simulation results show its effectiveness when applied to
different tasks. In this chapter, two control strategies using an adaptive neural network, torque
control and position control, are tested on a four-link robot arm. Practical concerns are given

and the performance of the controllers are analyzed.

5.1 Servo characteristics

In the following experiments, servos are used as actuators. Therefore, it is necessary to
introduce the characteristics of the servo. In this work, DYNAMIXEL AX-12A servos are
used. The output range is [0, 300] degrees, and the input range is [0, 1023] counts, which
yields an approximate position resolution of 0.293°/count. The stall torque at 12V, 1.5A is
1.5N-m. The front view is shown in Fig.[5.1]

This type of servo is intelligent, which allows us to read the current position and velocity
information and write our desired position. If a present moving speed value is in the range of
0 — 1023, it means that the motor rotates to the counter-clockwise (CCW) direction. If a value
is in the range of 1024 — 2047, it means that the motor rotates to the clockwise (CW) direction.
The unit of speed value is 0.111 rpm. Torque limit can be changed as well. The output torque
range is [0, 1.5] N-m, and the input range is [0, 1023| counts, which yields an approximate

torque resolution of 1.46 x 10~2 N-m/count.
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Figure 5.1: The front view of AX-12A

Compliance slope exists in each direction of CW/CCW and sets the level of torque near
the goal position. Compliance is to set the control flexibility of the motor. Fig.[5.2] shows the

relationship between output torque and position of the motor.

cwt
Goal
position
-+ W >
CCW

A: CCW compliance slope
B: CCW compliance margin

CCW C:CW compli‘ance margin

\ 4 D: CW compliance slope
Y axis: output torque E: Punch

Figure 5.2: Compliance slope of AX-12A

5.2 Robot design

In this experiment, a four-joint robot is designed. The structure of the robot manipulator is

shown in Fig.[5.3] The simplified robot structure with assigned frames is shown in[5.4
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Figure 5.3: Assembled robot manipulator

Figure 5.4: Simplified robot with assigned frames
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Four servos are connected in series and fixed on a base. A U2D2 adapter is used to connect
the servos to the laptop. U2D2 is a small size USB communication converter that enables to
control and to operate the DYNAMIXEL with the laptop. It uses the USB cable to connect
to the laptop and prevents damage of the USB terminals. It has both JST 3Pin connectors for
TTL communication and JST 4Pin connectors for RS-485 communication. In this experiment,
the TTL communication is used. A photograph of U2D2 and the corresponding block diagram
model that describes the input and output signals are shown in Fig.[5.5] A switched-mode power
supply (SMPS) is used to provide power. However, an adapter, SMPS2Dynamixel, should be
used between the SMPS and the servo. The SMPS is connected to the DC terminal and then

connect the servo using cable. The diagram is shown in Fig.[5.6

USB connector

1. Read and write servo information package.
2. Read servo information based on address and send desired
instructions, such as position, velocity, and torque.

TTL communication port
(a). AU2D2 photograph (b). Connection diagram

Figure 5.5: U2D2

5.3 Dynamics modeling

A simplified robot structure with assigned frames is shown in Fig.[5.4] The dynamic model

can be expressed as:

M(q,q)d+C(q.9)qd + G(q) + frric +d =1+ J"F.. (5.1)
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(supply power)

(a). A SMPS2Dynamixel (b). Connection diagram
photograph

Figure 5.6: SMPS2DYNAMIXEL

where q is defined as ¢ = [q1 g2 g3 qu]T. Matrices M (q, q) and C(q, q) are the inertia matrix
and the Coriolis and centripetal matrix, respectively. Vector G(q) is the gravity term. The
friction is written as fy.;,. and d describes the disturbance. The process input torque is 7.
Vector F, is the external force excerted on the manipulator and JJ is the corresponding jacobian
matrix.

Considering system uncertainties, the dynamic model can be written as:

MG+Cq+ G+ frrie +6 =71+ J'F,. (5.2)
where
SM = M(q,q) — M
5C =C(q.q9) - C
G =G(q) -G (53)
8 Ftric = Frric — Frric
§ =0Md+5Cq + G + 0 frric + d.
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In Eq. li , M , C , G , and f #ric are the nominal model parameters of the inertial matrix,
Coriolis and centripetal matrix, gravity, and friction term, respectively. d is the clumped uncer-
tainty term. In this research, system uncertainties are assumed to be continuous with respect to

time.

5.4 Control strategies

Neural network is able to fitting smooth and continuous functions online theoretically. Based
on this characteristics, two control methods are proposed and tested to demonstrate the perfor-
mance of neural network when applied to robot control. The first controller is designed based
on dynamic model and joint torque is used as the input. While the second controller uses joint

position as the input to get desired trajectory.

5.4.1 Torque control

In this part, joint torque is selected as the input. The control scheme is shown in Fig. and

he control law is designed as:

Eq + a + ffric
qa+ + o
d —
» » M "
+ +
KDé+er+KiJ-e ﬁ
L el R Disturbances
qa 4da -® ee [e | RBF Neural f Uncertainties
' Network
[ d
Adaptive
— -
Mechanism

Figure 5.7: Torque control scheme

T =T+ To. 5.4)
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where

T1 :M(qd‘i‘Kde—i-er—f-Kl/e)+éq+é+ffrzc
(5.5)
To = Mf
In Eq. @, e =q,—q. K,, K;, and K are the proportional, derivative, and integral
gains. f is the estimation of system uncertainties, which is the output of the neural network.
T eT ¢T]

For the torque control, the input is chosen as s = [[ e T. The adaptive law of the

neural network is selected as:

W =~Hs"PF. (5.6)

where v is a positive constant. P is a symmetric positive definite matrix. F' is defined as:

F =015 154" (5.7)

5.4.2 Position control

The output position of the servo is related to the input position and a torque value, which is
used to move the servo to desired position. Considering the unknown control methods inside
the servo, one strategy is to give a constant torque value and position in every loop. The scheme
is shown in Fig. However, due to the compliance slope in Fig. tracking error exists
because the torque value decreases as the servo moves close to the goal position. Internal
noise affects the performance as well. Therefore, it is necessary to reduce system nonlinear

uncertainties and improve the performance of servos.

Desired position

L

Actual position

Internal unknown
control methods

Torque value

 J

Servo

Figure 5.8: Direct servo motion
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As shown in Fig.[5.8] there are two inputs for the position control method. One strategy is
to give a constant torque value and change the desired position. The reason is due to the servo
characteristics and experiment results will show the rationality of this choice.

System uncertainties are assumed to be continuous for the robot arm and a neural network
is utilized to adjust the input position. The structure of the control scheme is shown in Fig.[5.9]

The tracking error at time t, is

piv s b | ) (
= >() - L Neural networks neural k t@ Pk . Robot arm iﬁ
+] k

Figure 5.9: Control scheme

€r = Pd.k — DPk- (5.8)

Vector Py i = [Pai_k Pazk Pask Pasak)® is the desired position and py, = [p1_x Pok P3k Pak] 1S

the output at ¢;. Considering system uncertainties, p; can be expressed as:

Pr = f(PiNg). (5.9)

where prn & = [PIN1k PIN2.k PIN3.k PIN4k] " is the input at ¢, and f(-) is the nonlinear function

of the system. As the input, p;x ; can be written as:

PIN k = Pdk T Pneural_k- (5.10)

where p,eurqak 1S the output of the neural network. The input of the neural network is set as
s = e; and the weight matrix at ¢, is W,'. Therefore, the output of the neural network is

expressed as:

DPreural k = [pm PN2 PN3 pN4]T = WkT H. (5.11)
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In order to adjust the weights adaptively, the total error at ¢, is defined as:

1
Err = §e;§ek. (5.12)

The gradient of E'rr along a single weight is expressed as:

dErr d(parr —prx) dp1
=€ ———— = ¢ - - hy
dwq; dwy; dpIn1k
dErr d(paik — P1k) dp1 i
— ey DRk TP - h
dway dway dprna
(5.13)
dErr d(Pask — Pak) dpa_
ey —— = = ¢, - -
dw, AWy dprNak
The model is a bounded input bounded output (BIBO) system, which means —dgf;f -
dd’A, ..., and ddp—“*’“ are restricted to a boundary. To move toward the minimum of Err,
PIN2.k PIN4_k

the weight change should be in opposite direction. Therefore, the weight change using steepest

descent direction can be written as:

AW, =ve H'. (5.14)

where 7 is a positive constant. Then the updated weight matrix at £, is:

Wii1 = Wi + AWy (5.15)

5.5 Experiment results and discussion

In this section, a series of experiments based on the above two control strategies are tested
and compared. Differences between theoratical analysis and practical experiment results are

analyzed and reasons are given to explain the phenomenon.
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5.5.1 Desired trajectory

The following experiments are based on a same desired trajectory. There are a few factors
that affect the generation of desired trajectory.

(1). There is a max output torque for the servo, which means the acceleration of joint
should not be too large. If the trajectory is not planned appropriately, the calculated torque may
be larger than the max torque of the servo, and the performance of the controller can not be
evaluated properly.

(2). The initial position and destination position should not be too close to the motion
boundary of the servo, especially for the torque control. If the control parameters are not
selected properly, the trajectory of every joint has a chance to get stuck at the boundary.

Due to those concerns, the initial position is set as g, = [40° 10° —40” 0°]. The destination
position is g, = [90° — 60" 10° — 50°]. The robot arm moves from the initial position to
the destination position in 10 seconds and moves back in the same way. The joint motion
trajectory is generated using a fifth order polynomial, which has the advantage that the velocity

and acceleration at the initial and end point are zero. The sampling frequency is 16Hz by setting

the latency time of the laptop USB port.

5.5.2 Robot parameters

The robot parameters are shown in Table. [5.1]

Mass (kg) | Length (m) | Center (m) | I, (kg - m?) | I, (kg- m?) | L., (kg- m?)
Link 1 0.06 0.095 0.08 1.25x107° 2.05x 107 | 1.7 x 1079
Link 2 0.06 0.095 0.08 1.25x107° 2.05 x 107 | 1.7 x 1079
Link 3 0.06 0.095 0.08 1.25x107° 2.05x107° | 1.7 x 107
Link 4 0.03 0.08 0.06 6.25x107% | 1.025 x 107> | 8.5 x 107°

Table 5.1: Physical parameters of the robot

5.5.3 Experiment based on torque control

As shown in Fig. each servo receives two signals in one loop, desired position and

output torque value. However, the servo only accepts a torque value without any directions for
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the torque control. Considering the structure of the servo in Fig. and the compliance slope
in Fig.[5.2] we use a pair of position and torque as our inputs. If the torque is negative, then the
input is (0, |[torque|). If the torque is positive, then the input is set as (1023, [torque]).

The static friction of the joints is set as ffm»c = [80 80 100 100]T, which corresponds
to ffm-c = [0.117 0.117 0.147 ().147]T N-m. The proportional, derivative, and integral gains
are selected as K, = diag([480 540 2010 2340]), K; = diag(]20 20 30 30]), and K; =
diag([40 40 60 60]), respectively.

For the neural network, the center point vector matrix is set as:

C = [Cl Ca C3 Cy4 C5] = [_212><1 — Li2x1 O12x1 1iox1 212><1]- (5.16)

The stretch constant vector is selected as

b=15, (5.17)

The initial weight matrix is:

Wt =1,.:. (5.18)

The trajectory of the four joints is shown in Fig. - and the tracking errors are
shown in Fig.[5.14]- The joint torques are shown in Fig.[5.1§]-[5.21]

Theoretically, the control methods using neural network should have better performance
than that without neural network. However, the experiment shows different conclusion com-
pared to the theory. It is difficult to tell which one is better or inferior. Some reasons are given
below.

(1). We assumed that system uncertainties are continuous before we design the neural
network. However, uncertainties are not continuous in practice. Static friction is an important
disturbance for this model. In different positions, static friction has different values, which

means a constant estimation is not accurate.
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Figure 5.10: Joint 1 response using torque control
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Figure 5.11: Joint 2 response using torque control
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Figure 5.12: Joint 3 response using torque control

Figure 5.13: Joint 4 response using torque control
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Figure 5.14: Joint 1 error using torque control

—without NN ==-with NN

30

Time (s)

Figure 5.15: Joint 2 error using torque control
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Figure 5.16: Joint 3 error using torque control
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Figure 5.17: Joint 4 error using torque control
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Figure 5.21: Joint 4 torque using torque control
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(2). The torque control scheme inside the servo is unkonwn. We can write a torque value
derived from the control method into the servo every loop. However, the output torque value
may not be the same as that we write.

(3). The joint trajectory and input torque are not smooth as shown in Fig. -
and Fig. [5.18) - [5.21] The trajectory shows chattering as well. These factors contribute to
incontinuous system uncertainties.

In addition to the unknown torque control scheme in the servo and incontinuous uncer-
tainties, there are some drawbacks when we use torque as our input.

(1). The control parameters are determined through many experiments. If the parameters
are not selected properly, the system can become unstable easily.

(2). The control parameters only applies to this specific trajectory. We need to adjust the
control parameters every time if we change the desired trajectory, which means this control
method losts its generality.

(3). A linear control method is tested as well for this model. However, it is hard find a
group of control parameters to follow the desired trajectory and the performance is even worse

compared to the nonlinear controller described above.

5.5.4 Experiment based on position control

In order to avoid the unknown troque control scheme inside the servo for the position control,
we write a constant torque value every loop. The torque is set as the maximum to afford the
joint motion, which means the input pair is (position, 1023).

Firstly, we test the nonlinearity of the model. The desired trajectory is to move from the
initial position to the destination at a constant speed. The time is set to be 8s, 10s, and 12s,
respectively. The tracking error of the first joint with respect to desired position is shown in
Fig. It can be seen that joint velocity has little effect on the tracking errors, which means
the model is a nonlinear system under position control.

For the neural network used in position control, the stretch constant vector is selected as:

b = ]_5><1. (519)
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Figure 5.22: Nonlinearity test
The initial weight matrix is selected as:

W, = 107" X 1yys. (5.20)

The constant coefficient y is selected as v = 0.03. In order to show the effectiveness
of the neural network, a linear PID controller is used to test the robot arm as well. The cor-
responding parameters are K, = diag([0.1 0.1 0.1 0.1]), K; = diag([0.1 0.1 0.1 0.1]), and
K, = diag([0.05 0.05 0.05 0.05]).

Three experiments are tested to show the performance of the neural network, open loop,
PID control, and neural network control. The tracking trajectory is shown in Fig. [5.23] - [5.26]
and the corresponding tracking error is shown in Fig. -[5.30] It can be seen that the tracking
error using neural network is reduced significantly compared to that using open loop and PID

control.
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Figure 5.23: Joint 1 response using position control
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Figure 5.24: Joint 2 response using position control
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Figure 5.26: Joint 4 response using position control
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Figure 5.28: Joint 2 error using position control
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Figure 5.29: Joint 3 error using position control

—Open loop = PID ==Neural network

-.'\l-
n r"%

5""1\'

-2 !
0 5 10 15 20
Time (s)

Figure 5.30: Joint 4 error using position control
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In order to more quantitatively compare the performances of these three methods, Integral
of Squared Error (ISE), which is commonly used to measure the quality of system response

over the whole range of time, is taken into account. The defination is written as

ISE:/ e2dt (5.21)
0

The values of these performance indices for the errors of each joint are computed and
shown in Table.[5.2] Clearly, the ISE which emphasizes transient errors has smaller values by
the neural network control than by open loop and PID control. The neural network compensa-
tion is able to reduce the ISE by more than 15x that achieved by the uncompensated (“open-
loop”) commercial controller, and 8x-20x better than the PID compensated system. That means

the neural network control shows high effectiveness to keep errors near zero during the whole

task.
Joint | Open loop | PID | Neural network
#1 0.0497 | 0.0304 0.0031
#2 0.0187 | 0.0092 0.0005
#3 0.0142 | 0.0086 0.0004
#4 0.0073 | 0.0043 0.0003

Table 5.2: The values of the ISE of the joint errors

5.6 Summary

In this section, two control strategies using neural networks based on torque and position are
proposed and tested on a four-joint robot arm. For the torque control, there are large tracking
errors due to the incontinuous uncertainties. For the position control, the neural network is
able to compensate for the system uncertainties and reduce the tracking errors significantly
compared to the open loop and linear PID control methods. The ISE values are compared
to show the effectiveness of neural network control. In addition, the position control strategy
using a neural network can be applied to random trajectories without changing the adaptive law

and control parameters.
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Chapter 6

Conclusion and future work

6.1 Conclusion

In this dissertation, trajectory tracking and force control strategies are proposed for a UVMS.
The main contributions are listed below.

First, three joint space trajectory tracking methods are proposed to follow desired joint
path. As a decentralized control strategy, backstepping control can be used directly to a non-
linear system and there is no need to derive its dynamic model. A fuzzy logic is added to
eliminate the uncertain terms. Computer simulation shows its effectiveness when applied to
follow desired joint path. However, steady state tracking errors exist. Considering this prob-
lem, a controller with an integral term is designed based on nominal dynamic model and an
adaptive neural network is adopted to eliminate the effect of system uncertainties. But there
are periodic tracking errors for periodic tasks. Integral sliding mode control has the advantage
of remaining robust against uncertainties. Therefore, a dual integral sliding mode controller is
proposed and it shows good performance when used to follow desired joint trajectories.

Due to system redundancy, it is difficult to calculate the inverse kinematics. To follow a
desired trajectory for an end-effector, a task space trajectory tracking controller is designed. A
neural network is used to eliminate the uncertain term in task space and the mapping relation-
ship between joint space and task space is modified to guarantee system stabilities. In addition,
a force control task is analyzed as well.

Finally, experiments are carried out to explore the application of neural networks. Since

neural networks are used to approximate continuous functions, the performance of the torque
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control method with a neural network shows no obvious improvement due to the discontinuity
of uncertain terms. While a compensator using a network is adopted for the position control and
the performance is compared to that of the uncompensated controller and the PID compensated
method. The experimental results show that the neural network compensation is able to reduce
the ISE by more than 15x that achieved by the uncompensated commercial controller, and

8x-20x better than the PID compensated system.

6.2 Future work

In this work, simple tasks are tested for the joint space control strategies. Inverse kinematics
should be explored to use the control methods.
For the controllers designed in task space, the trajectory of the vehicle and manipulator is

unpredictable, which may arise the following problems.

1. The manipulator is in a singular configuration.

2. Moving the vehicle consumes more energy than moving the manipulator, which causes

energy waste.

So it is necessary to find a way to solve the above problems. Furthermore, time delay is not
considered in this work, which can affect tracking accuracy significantly in some cases. It’s

interesting to introduce a time delay compensator and explore its stability.
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Appendix A

Experiment details

In the experiment, a ThinkPad workstation P53 is used. The computer configuration is shown
below.

Processor: Intel(R) Core(TM) i9-9800H

Graphics card: NVIDIA Quadro RTX 4000

Operating system: Windows 10 Home

Another HP computer is used as well to see if the configuration affects the communication
speed. The configuration is shown below.

Processor: Intel 15-8250U

Graphics card: Intel UHD Graphics 620

Operating system: Windows 10 Home

The experiment results show that there is no difference between the two computers. Mat-
lab R2019b is used for programming. In order to keep communication between the computer
and servos, DYNAMIXEL SDK is added to the Matlab folder. DYNAMIXEL SDK is a soft-
ware development kit that provides DYNAMIXEL control functions using packet communi-
cation, which can be downloaded from https://emanual.robotis.com/docs/en/
software/dynamixel/dynamixel_sdk/overview/.

The sampling frequency is selected by adjusting the latency time of the USB port. In the
experiments, the latency time is set to be 4 milliseconds. There are 16 read and write process in
one loop, which corresponds to 64 milliseconds in one loop. Therefore, the sampling frequency
is 16Hz. The read and write process are shown in Fig. A.1
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Read present position and speed

dx1_present_position_1 = read2ByteTxRx(port_num, PROTOCOL_VERSION, DXL1_ID, ADDR_MX_PRESENT_POSITION);
dx1_present_speed_1 = read2ByteTxRx(port_num, PROTOCOL_VERSION, DXL1_ID, ADDR_MX_PRESENT_SPEED);
dxl_present_position_2 = read2ByteTxRx(port_num, PROTOCOL_VERSION, DXL2_ID, ADDR_MX_PRESENT_POSITION);
dx1l_present_speed_2 = read2ByteTxRx(port_num, PROTOCOL_VERSION, DXL2_ID, ADDR_MX_PRESENT_SPEED);
dx1_present_position 3 = read2ByteTxRx(port_num, PROTOCOL_VERSION, DXL3_ID, ADDR_MX_PRESENT POSITION);
dx1_present_speed_3 = read2ByteTxRx(port_num, PROTOCOL_VERSION, DXL3_ID, ADDR_MX_PRESENT_SPEED);
dx1_present_position_4 = read2ByteTxRx(port_num, PROTOCOL_VERSION, DXL4 ID, ADDR_MX_PRESENT_POSITION);
dx1_present_speed_4 = read2ByteTxRx(port_num, PROTOCOL_VERSION, DXL4_ID, ADDR_MX_PRESENT_SPEED);

Write a torque value

write2ByteTxRx(port_num, PROTOCOL_VERSION, DXL1_ID, ADDR_MX_TORQUE_LIMIT, 1023);
write2ByteTxRx(port_num, PROTOCOL_VERSION, DXL2_ID, ADDR_MX_TORQUE_LIMIT, 1023);
write2ByteTxRx(port_num, PROTOCOL_VERSION, DXL3_ID, ADDR_MX_TORQUE_LIMIT, 1023);
write2ByteTxRx(port_num, PROTOCOL_VERSION, DXL4_ID, ADDR_MX_TORQUE_LIMIT, 1023);

Write position information

write2ByteTxRx(port_num, PROTOCOL_VERSION, DXL1_ID, ADDR_MX_GOAL_POSITION, Pos_motor_desired(1,i)+N_o(1)*180/pi/0.29);
write2ByteTxRx(port_num, PROTOCOL_VERSION, DXL2_ID, ADDR_MX_GOAL_POSITION, Pos_motor_desired(2,i)+N_o(2)*180/pi/0.29);
write2ByteTxRx(port_num, PROTOCOL_VERSION, DXL3_ID, ADDR_MX_GOAL_POSITION, Pos_motor_desired(3,i)+N_o(3)*180/pi/0.29);
write2ByteTxRx(port_num, PROTOCOL_VERSION, DXL4_ID, ADDR_MX_GOAL_POSITION, Pos_motor_desired(4,i)+N_o(4)*180/pi/0.29);

Figure A.1: Read and write process
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