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Abstract

Traditionally, robots are used to handle the repetitive tasks precisely in complex environments. They are normally
characterized by rigid links and powerful actuators, making them dangerous for human workers. Thus, to improve the
workplace safety, robots-human interaction trends to become one of the most interest topics. The arm is paid for the
flexible impedance properties, such as adjusting the robot equilibrium, the stiffness, and the damping. Variable

stiffness concepts were developed to reach a compromise of accuracy execution and safe operation.

This thesis proposes an electrohydraulic series elastic manipulator (ESEM) with a novel variable stiffness actuator
(VSA). As the results, the combination provides a number of advantages such as highly efficient in transmitting power,
less maintenance requirement, high dynamic and wide range of stiffness adjustment. However, the nonlinear behaviors
and modeling uncertainties such as, friction, internal and external leakage of the electrohydraulic servo (EHS) system
as well as the complex model of the series elastic manipulator (SEM) system are major challenges for the precise
position control. In addition, the spring connection of the manipulator causes the vibration at the end effector during

the trajectory tracking.

In other to eliminate the oscillation of the end effector, a new vibration control method is proposed based on the
characteristics of the ESEM system to suppress the residual vibration robustly to the stiffness regulation. The trajectory
tracking controller utilizing backstepping technique is divided into two loops, based on system states, the position
control loop and the torque control loop. An adaptive enhanced fuzzy sliding mode control (AEFSMC) was applied
for each loop to ensure the stability and the robustness in the presence of the known uncertainty of both mechanical
and hydraulic system such as friction, leakages, disturbance torques. The stability of the overall closed-loop system

was proven by Lyapunov’s theory.

By a number of real-time experiments, the effectiveness of the hybrid controller was proved via the stability and

accuracy in position and vibration control of the ESEM system under disturbance by using the VSA system.

VIl



Chapter 1

INTRODUCTION

1.1 Overview

Variable stiffness actuators (VSA) can improve the robot’s performance during interactions with human and
uncertain environments. Several prototypes of single-degree-of-freedom (DOF) joints containing the adjustable
compliance for robotic manipulators have been designed and developed [1-7]. Figure 1 to Figure 3 show some
application of the VSA system in practical systems. These studies used DC motor which is normally low torque/force
to weight ratio as the actuators. The series connection of those actuators also causes couple torques on each other and
stiffness regulation in a short range. This paper proposes a robotic manipulator using the electrohydraulic servo (EHS)
system as the primary torque generator. To realize the stiffness adjustment, another mechanism which is based on the
combination of a SEM and an adjustable spring base to change the position and the acting forces of the springs.
Because of the springs connection between two links, the oscillation at the end effector will occur during the trajectory
tracking of the manipulator. Input shaping technique (IST), a feed-forward scheme was introduced by Singer and
Seering [8] to eliminate the system residual vibration. IST has been used in practical systems such as flexible
manipulator [9], ship cranes [10]. However, IST is not able to apply for the ESEM system containing the VSA system
which has a wide range of oscillation parameter variations. To overcome this disadvantage, there were several adaptive
input shaping (AIS) schemes have been developed. E. Pereira et al. [11] used the algebraic identification method to
obtain the natural frequency of the arm. J. Park et al. [12] proposed the learning input shaping technique to update the
IS parameters based on magnitude and phase difference of residual vibration. However, these schemes require the

detail dynamic model of the plant or need several cycles to turn the adaptive values.
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The ESEM includes an electrohydraulic actuator for the equilibrium position and springs with the electric motor
for the adjustable stiffness mechanism, so the complete nonlinear dynamic equations shows that the ESEM is a highly
nonlinear system. These elements are a major obstacle for the control designing. Various control methods have been
used for trajectory tracking control of hydraulic cylinder. The PID controllers [13] [14] [15] were investigated to
control the position and force tracking for the electro-hydraulic actuator (EHA). The feedback linearization was used
in some research works [16], but these methods did not account for the nonlinear dynamics of the cylinder and
uncertain fluid parameters. Therefore, several kinds of sliding mode control (SMC) methods are adopted for the EHS
system [17] [18]. However, the SMC requires the knowledge of uncertainty bound which is difficult to obtain in a
practical system. The chattering phenomenon is also a disadvantage in practical applying of the SMC [19]. Thus,
adaptive control has been proposed to deal with above problems, sliding mode adaptive control [20] [21], feedback
linearization adaptive control [22]. Although these nonlinear control schemes showed the chattering elimination; good

tracking performance; and robust to uncertainties, the considered controlled plant appears to be a hydraulic actuator



which has a simpler mathematical model than the ESEM system. Besides, the actuator dynamics in these systems are
typically excluded from the system behavior to simplify the control design. The control scheme has been employed
without considering the actuator dynamics, and it includes proportional control for position control and SMC for speed
control. In this ESEM system, the actuator dynamics are very complicated, especially due to the high nonlinearities

of the valve dynamic and leakages. They can influence the dynamic characteristics and stability.

1.2 Research Objective

Based on the above analysis, an electrohydraulic series elastic manipulator (ESEM) containing a novel variable
stiffness actuator (VSA) is proposed and discussed. The ESEM system can be used efficiently for lift assist or
industrial manipulators to increase workplace safety for human workers as well as provide suitable dynamics in
unknown and dynamic environments [23]. Shocks can be absorbed by springs to prevent damage to the transmission
of the actuator, which improves the safety of the robots. The lower reflected inertia can provide safe interaction with
humans. The springs can also exchange energy with the environment to reduce the energy consumption in work
requiring a high burst of power (such as the VIA joint prototype [24], a soccer-ball kicking leg [25], hammering [26],
etc). In cyclic tasks, the energy can be stored in the spring during negative work and then released when power
generation is required. However, this study mainly focuses on designing and analyzing the EEM system and presenting
an adaptive robust controller for controlling the equilibrium position and vibration of the ESEM system. Here, a hybrid
scheme combines the fuzzy input shaping (FIS) and the backstepping adaptive enhanced fuzzy sliding mode control
(BAEFSMC) is presented. A newly vibration control method based on the concept of [8], the simple and fast response
fuzzy input shaping technique is designed for the characteristics of the ESEM system. A fuzzy logic engine is
embedded to turn the parameters of the 1S according to the stiffness regulation of the VSA system and the cylinder
actions to maintain the robustness of the IS in suppressing the residual vibration. To enable the effectiveness of the
FIS, the manipulator must track to the shaped position reference. Therefore, the actuator dynamics are considered in
control design to analyze the complex high order model of the ESEM system to reduce the influence of the nonlinear
characteristics of the hydraulic subsystem as well as the derivative action in the controller. The backstepping technique
[27] is used to decompose the plant into two subsystems. The AEFSMC [28] is embedded for each loop to reduce the
system’s order and to ensure that the system’s state variables, the manipulator position, and the cylinder torque, reach
and stay on a sliding surface so that the robustness and the accuracy can be increased. A translation width is applied

to the SMC to get rid of the chattering phenomenon in the control signal. An adaptive law is obtained in the sense of



the Lyapunov stability theorem to estimate the optimal value of translation width to confront the system uncertainties

online [28].

1.3 Thesis Outline

This thesis begins with a general introduction and literature at chapter 1. In chapter 2, the proposed system
hardware in presented. The structure and working principle of the ESEM as well as the VSA are introduced. In
addition, the mathematical model of the ESEM is expounded which includes the hydraulic actuator dynamics. The
hybrid control system design for position and vibration control is shown in chapter 3. Experimental results for the
variation performance of the VSA system and three case studies can be found in chapter 4. Finally, some conclusions

and discussions for future works are provided in chapter 5.



Chapter 2

PROPOSED ELECTROHYDRAULIC SERIES ELASTIC MANIPULATOR SYSTEM WITH A

NOVEL VARIABLE STIFFNESS ACTUATOR

2.1 Background of a hydraulic system

2.1.1 Characteristics of hydraulic systems

Hydraulic systems have many advantages, such as:

Fast response in acceleration, deceleration and reversal
e High power specific

e Overloading protection

e High efficiency

e Lessnoise

e Less maintenance requirement

Both linear and rotary actuators are available

Besides advantages, hydraulic systems have disadvantages as follows:

e High cost of hydraulic components
e Fire and explosion hazards

e  Control problem

2.1.2 Applicability of hydraulic systems
Because of the above advantages, hydraulic systems have been widely employed in industrial and mobile

applications. The most suitable fields for employing hydraulic systems are shown as following:

e Where relative large torques/forces are required such as industrial press, construction machinery, traction,
excavator, wheel loader, etc,

e  Where fast, stiff response of the resisting load is needed such as machine tool drive, rolling mill, wood
processing, etc,

e Where accurate control of response is necessary such as control systems in aircraft, industrial robot, ect,



e Where manual control with substantial forces/torques are essential such as heavy machine, automotive steering

system, ect,

Up to now, the use of hydraulic systems in industrial robotic is normally for the rigid manipulators. In the scenarios
when robots need to physically interact with environment or people, instability may occur during the interaction if the
actuators are too stiff. This would further lead to possible damage of robot or even injuries to staff. While our humans
could perform these interactive tasks well, by properly adjusting muscle stiffness of our joints to a level appropriate
for the task and the environment. Consider that human-like performance would enable robots to perform better for
interactive tasks. Therefore, desired to employ human muscle like variable stiffness actuator (VSA) to concurrently
guarantee both safety and performance. It brings in a mechanical compliance that can be adjusted via control action

in the joint actuation.

2.2 Electrohydraulic servo system

A concept of electrohydraulic servo system which is utilized as a major power source in the proposed ESEM
system is shown in Figure 4. This EHS system consists of a gear pump, an AC motor, a reservoir, a proportional servo
valve, and a single hydraulic cylinder. The new generation of proportional servo valve with integrated digital
electronics is used in this ESEM system to get rid of some disadvantages of the conventional hydraulic system such
as pressure drop through the valve, low bandwidth, low step response time. The AC motor is operated at a constant
speed to keep the supply pressure always at the desired working value. The valve spool is controlled to supply

pressured oil in both directions to result in the desired force/position at the cylinder.

Load

2
Add A,
Py P,
S E—— s

Figure 4 Structure of the electrohydraulic servo system



2.3 Series elastic manipulator with a novel variable stiffness actuator

2.3.1 Background of variable stiffness actuator

This part addresses literature of variable stiffness actuated robots aiming at precise, sensitive, robust, and dynamic
interaction with their environment and especially humans. The focus is the adjustment of impedance properties,
namely adjusting the robot equilibrium position, the stiffness, and damping. One way of introducing compliance is by
using passive elastic elements, like mechanical springs in Figure 5 or pneumatic systems in Figure 6 [29, 30]. It
provides a passive elasticity implemented by spring elements at the end effector of a rigid robot. Another way of
realizing compliant behavior is by an active compliance. This approach finds application in robots which are equipped
with torque sensors in the robot joints shown in Figure 7. Torque sensory information is feedback in a control loop to
generate the compliant behavior artificially [31]. Both approaches have considerable advantages. Elastic elements
provide mechanical energy storage and thereby enable dynamic behavior and mechanical robustness. Active
compliance generated by feedback controllers shows great adaptability regarding stiffness adjustment or choice of

task coordinate frame. An approach to integrate the best of both methods is variable stiffness actuation.
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Harmonic Drive
Gear (1:160)

BLDC Motor

Figure 7 DLR light-weight robot

A further advancement of this technology is the recently developed variable stiffness robots. There, the main
feature is the deliberate introduction of a mechanically variable, elastic element in the robot joints. A further important
property of the elastic elements is its joint torque sensing capability. The variable stiffness actuator (VSA) technology
is an advancement of the flexible joint technology of torque controlled lightweight robots (LWRs) [32]. The joints of
the LWRs show a mechanical compliance originated mainly by the gearboxes and the torque measurement devices.
Furthermore, an additional actuator is introduced as not only the joint position/torque has to be set, but also the joint
stiffness itself. A key factor enabling the advantages is the separated structure, where the motor is detached from the
link by the elastic element. It provides a certain decoupling whereby the individual properties of the two subsystems

can be exploited. The main goals and advantages of the VSA technology are:

e Mechanism robustness. The mechanism robustness with respect to external impacts can be increased as the
link mass and joint elasticity yield a mechanical low-pass filter. This is especially relevant for fragile
mechanisms as fingers of robotic hands, where rigid impacts occur on a regular basis.

e Increased dynamic performance and energy efficiency. The ability to store mechanical energy can be
exploited to overcome motor velocity limitations. Advanced dynamic capabilities like throwing can be
achieved. Some legged robots exploit this fact, too. Additionally, it can be used to increase the energy efficiency
during repetitive motion tasks.

e Task adaptability. The variability of the stiffness characteristics allows to adapting the system to tasks on a
mechanical level. For this so-called task embodiment, the joint stiffness is tuned such that minimal active

control influence is necessary to achieve a task.



2.3.2 Proposed variable stiffness actuator for series elastic manipulator

In recent years, many types of research have been conducted to design new VSAs, such as actuators with
adjustable stiffness (AwWAS) [3], [4], vsaUT-II [5], and vsaMGR [6]. AWAS uses electric motors, springs, and ball
crews; VSAUT-II uses electric motors, a spring, and a planetary gear; and vsaMGR combines gear teeth and a flexible
beam in a flexible rack. In these VSAs, the equilibrium position is controlled by an electric motor, which guarantees
fast performance. But their torque and force depend on the size of the actuator. The advantages and disadvantages

comparison of the proposed VSA with the existing prototypes is shown in the table below.

Table 1 Characteristics comparison of VSA systems

Prototype Schematic Characteristics
Advantages Disadvantages
The - The design is simple - The motors could be a
MACCEPA with the shape of the | drawback for applications
2.0[2] profile disk allowing the | requiring a large torque/force
torque-angle curve can be | generator.
modified. - The complex stiffness
- The spring is also easy | controller is needed for
to be replaced for flexible | disturbance causing by the
tasks. series connection.
The - The structure can - The elastic elements are
Modified provide an accurate | hard to be replaced for
Gear-rack regulation against | different tasks.
(MGR) [6] disturbance. - The design is a complex
- Fast stiffness regulation | mechanism.
response. - Using many actuators and
Sensors for stiffness
regulating.
- Requiring a complicated
controller for the stiffness
control.




The variable
stiffness
rotational
joint [1]

- The design is simple
providing a wide variety
of joint stiffness curves, a
high correlation between
commanded and measured
values.

- The springs are easy to
be replaced for flexible
tasks.

- The motors could be a
drawback for applications
requiring a large torque/force
generator.

- The complex stiffness
controller is needed for
disturbance causing by the
series connection.

The AwAS-
11 [3]

The 1-DOF
variable
stiffness
actuator [7]

- The stiffness changes
in a much broader range,
fast stiffness regulation
response.

- The mechanism does
not require for a
complicated stiffness
controller.

- The motors could be a
drawback for applications
requiring a large torque/force
generator.

- This design is also
complex for springs replacing
for flexible tasks.

The
proposed
VSA system

- This design is
amenable to more compact
implementation,

- The stiffness can be
varied rapidly and
continuously during task
executions.

- Requiring a complicated
controller for the stiffness
control.

- The motors and a timing
transmission belt could be a
drawback for applications
requiring a large torque/force
generator.

- The major torque generator of the manipulator is
hydraulic cylinder which has high power density and high

energy efficiency.

- The VSA mechanism does not require for a complicated

stiffness controller.

- The stiffness adjusts in much broader range, high

dynamic.

- The springs can be easy replaced for different research

objectives.

Based on the analysis, the proposed VSA system was designed as a combination of the flexible joint and an

adjustable spring base mechanism (ASBM) as shown in Figure 8. The ASBM uses a ball screws as a linear motion

actuator which has capable of handling large loads, highly precise positioning. The coupling torque acting on the

second link has different values for every position of the nut. Not only the moment arms but also the tension of the

springs will be adjusted by the nut position. Due to the requirement of working condition, the DC motor drives the

ball screws to provide the desired stiffness. As a result, the VSA has an ability to change the stiffness in much broader

range, high dynamic because the primary torque generator and the VSA are two separate units, they do not affect each

10




other while operating. In addition, the disturbance torque acting on the DC motor which causes by these two springs

is not significant due to the high transmission ratio. Thus, the VSA system is not required for a complicated controller.

The springs in this design are also easy to be replaced for different research objectives.

Second
link

Encoder

Figure 8 Proposed variable stiffness actuator

2.4 System mathematical modeling

2.4.1 Model of electrohydraulic servo valve system

Using the principles of hydraulic system, the governing nonlinear equations describing the fluid flow distribution

in the valve are written as [33]

CdWXs E(ps - pl)’ Xs >0
= V2 (1)

Ql_ >
CdWXs _(pl_pa)' ngo
P
2
Cawx,, [=(Pp,—P,), X, =0
\lp
Q,= (2)

Cawx,, [=(P;—p,), X <0
where Q1 and Q- represent fluid flows into and out of the valve, respectively. Cq is the orifice coefficient of discharge,
p is the mass density of the fluid, ps is the pump pressure, and pa is the return pressure. w is the area gradient that

relates the spool displacement (xs) to the orifice area. The continuity equations for oil flow through the cylinder, are

=L (- Ax -
TR vAL R o
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. P ~ .
P = QA% Q) 4)

here f is the effective bulk modulus of the hydraulic fluid, and Vo1 and Vo, are the initial volumes of fluid trapped at

the sides of the actuator. The spool displacement, Xs, is considered to be proportional to the input voltage, u.

x. =k _u (5)

s sp

2.4.2 Model of variable stiffness actuator

Based on the forces analysis in Figure 9, the spring forces acting on the ball screws nut can be obtained as
I:n = Fslx + Fst = Fsl cos ﬂl + FsZ Cos 152 (6)
with B, and p, are defined in (26)

The proposed design uses ball screws with length L = 50 mm, ball screw lead s =2 mm. The load torque required for

the actuator is

T - Fs _ 0.002F, @)
2zn 2709

The power supplier chosen for the proposed VSA system is a DC motor 1G-36PGM 06TYPE with reduction ratio

n=>51

Fs1
Fsl
A Fsy
| Fax i py
| | Fst ﬁ
Y E
| s2y
| Fst |
|
|
| FSZ |
e »!
. asz |

Figure 9 VSA forces analysis
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2.4.3 Model of series elastic manipulator
A manipulator is a mechanical device which can operate remote objects or material even in the absence of any
worker. Links and joints make a long chain in a manipulator, which can manipulate in its workspace. The total number

of joints gives the degrees-of-freedom (DOF). Manipulators are classified into two types namely:

e  Parallel manipulator

e  Serial manipulator

Most industrial robots are the serial manipulators which are designed as a series of links connected by motor actuated
joints from base part to end effector part. These types of manipulators have an anthropomorphic arm structure with a
shoulder, an elbow, and a wrist. The main application for these serial type manipulators in present industry is picking

and placing assembly robot.

The simple form of the ESEM system is shown in Figure 10 with link-frame and parameters assignment for each link.
In order to compute the position and orientation of the manipulator’s end effector relative to the base of the manipulator

as a function of the joint variables, the link’s parameters are assumed as

a, is the distance from Z; to Zi+1 measured along X;

a; is the angle from Z; to Z;+1 measured along X;

d, is the distance from Xi.; to X; measured along Z;

e @ isthe angle from Xi.1 to X; measured along Z;

The corresponding link’s parameters are shown in Table 2. Substituting these parameters into the general form of

transformation operator [34] presented in (8).

cos 6, —siné, 0 .,
— sing. cose;, , cosé cose, , —sing,_, -sing, ,d, @)
' sing, sing;, ;, cosésing, , cosa, , coOSq ,d
0 0 0 1
cos¢, —sing, 0 O
o 0 0 -1 0
Y “|sing, coss, 0 0 ®)
0 0 0 1
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[cosd, -sing, 0 |,
sing, cosd, 0 O
o= ? 2 (10)
0 0 10
| 0 0 01
(1 0 0 |,
0100
ZT — 11
oo 10 (11)
0 0 0 1
Table 2 Link parameters of the two-link planar manipulator
i (o) aQ_, d; o
1 90 0 0 6,
2 0 1 0 0,
3 0 l2 0 0
The transformation, 3T , will be a function of all 2 joint variables.
=TT 12
[cos @, cos @, —siné, sind, —cos,sind,—sind,cosd, 0 l, (cos 6, cos 6, —sin g, sind,)+1, cos 6,
o7 _ 0 0 -1 0
: cosd, sing, +sin6,cosd, cosd, cosd,—sing,sind, 0 | +l,(coso,sinb,+sing, cosd,)+l, siné;
| 0 0 0 1
[cos(6,+6,) -sin(6,+6,) 0 1,(cos(6,+6,))+l,cos6,
_ 0 0 -1 0
sin(6,+6,) cos(6,+6,) 0 ly+1,(sin(6,+6,))+1,sin6,
0 0 0 1
(13)

The coordination of the end effector is obtained as
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l,(cos(6,+6,))+1,cos6,

X:

0 (14)

l, +1,(sin(6, +6,))+1,sin 6,

Jacobian matrices are widely used to describe the kinematics and inverse kinematics of the end-effector motion in the

conventional Cartersian coordinate system, and the Jacobian matrix for the manipulator is given as follows:

X =36

X=J(0)0+3(0)6 (15)
X, X,

5 06, 06, _{—Ilsiné’l—lzsin(eﬁez) —Izsin(91+92)}
X, oX, l,cos6, +1,cos(6,+6,) 1,cos(6,+6,)
26, 006,

The closed-form dynamic equations for the two-link planar manipulator shown in Figure 10 is computed based on

[34]. For simplicity, the mass distribution is assumed extremely simple, all mass exists as a point mass at the distal

end of each link, m; and m; are the mass of first link and second link, respectively. The torque at the actuators which

is a function of joint position, velocity and acceleration are expressed as (16)

Figure 10 System parameters assignment

M (0)0+R(0,6)+1(6)=T (16)

with

15



J,+J,+ml?+2m,l.d,cosd, J,+m,l.d,cosé,
J, +m,l.d, cosé, J, ’

M(@):{

—m,l,d, sin6, (6, +26,6,)
m,l,d, sin 6,6, ’

R(@,é):[
|(0)- g(md, +myl,)cos &, +gm,d, cos(6, +6,)
- gm,d, cos(6, +6,) !

T .
’

o=[6, 6] .0=[6 6, . 0=[6 d4,] 7=[1, 1]
where T1 and T are the two torgue inputs, and él and éz are the acceleration outputs. g is the acceleration of gravity,
mi is the weight of the link i, and Jj is the moment of inertia about an axis through the center of mass of link i.

From Figure 10, the relationship between first link angle, 61, and cylinder displacement, x,, can be expressed as

2
2 2 2
I+l +1 —(ICyI +xp)

cos(6,+6,)= 2I1\/(I02 ) 17)
The first excited torque, 71, which is generated by the cylinder can be calculated by

7, =l,F, =|,F sina (18)
where

F.= AP, -Ap, (19)
cosg it =l -1 (20)

2lr,

From the flexible joint design, the two springs ki and ka2 connect the first link and the second link through a nut of a
ball screws. The DC motor drives the screws to change as to provide a suitable stiffness for the system. The forces are

generated by these two springs are:

Fo = Axk (21)
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F,, = Axk,

where

2 2
AX, = \/a +a; —2aa, cos(a, +6,) —ay,

2 2
AX, = \/a +a; —2aa,coS(a, —6,) —ay,,

The second torque 72 and the coupling torque 712 can be calculated as

r,=(F,sin B, —F,sinp,)a,

T :(Fsl sing, —F, Sinﬂz)('1+a3)

where
2 2 2
5= cos‘l(% +al-a j
= rap—a
2a3a12
2 2 2
MEREy
2a3a22

From (18), (24) and (25) the torque input vector is achieved by:

T _| a7
T, §)
The angular acceleration él can be obtained from (16) as

6,=B(6,)T,+F(0,6,.6,.6,)+d, (t)
with

‘]2

B= ,
3,3, +3,12m, - (d,I,m,c6, )’
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(23)

(24)

(25)

(26)

@7)
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J Z(dzézllmzsé'2 (6, +26,)-gco, (d,m, +1,m,)—d,gm,c(6; +6, ))
3,3, +3,12m, —(d,l,m,c6, )’

. (3, +dzllmZCHZ)(dzllmzseztél2 +d,gm,c (6, + 92))

3,3, + 3,12m, —(d,,m,c6, )’

IE:

di(t) is the uncertainties in the mechanical subsystem of the ESEM system. The uncertainties consist of the coupling

torques, frictions, and parametric uncertainties.

The time derivative of Ty is calculated as

T, =1 sin(a)(Ap, —Ap,)+1,F cos(a)-AF (1, +a,)
N - (29)
=K (%, %0, )+UH (X, p,,0,.0, ) +d, (t)

where

Af+A§J,

K = -2, sin(a)x
ﬁl (0‘) D(V01+A1Xp VOZ_AZXp

ﬁ=ﬂ%wwwmu@J§{ﬂJﬁf+/aﬁﬁJ,

V01 + Aixp Voz - AZXp

App: (ps_pl) !fUZO,APrZ (pz_pa) !fUZO.
(p,—p,) ifu<0 (p,—p,) ifu<o

and dy(t) is the uncertainties in the hydraulic subsystem that are the leakages, cylinder friction, parametric

uncertainties, and the modeling error.

The state variables of the system are defined as x =[x, X, x3]T = [6?1 6, Tl]T . Then, the plant can be described by

the following state spaces.

X =X,
%, = Bx, + F +d, (t) (30)
X, =UH + K +d, (t)
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Chapter 3

CONTROL DESIGN

3.1 Overview of the hybrid controller

For the vibration and position control purpose, the main objective of the proposed controller is to generate the
electric signal to the servo valve, u, to achieve the desired output which are the position of the manipulator, 61, and
the residual vibration of the end effector, 62. The overall scheme of the proposed controller is presented in Figure 11.
The hybrid controller contains two parts, the first part using a newly vibration control algorithm to shape the reference
signal which results in vibration suppression for the end effector. Meanwhile, the second part utilizing backstepping
technique [27] for the defined state spaces (30) is decomposed into two loops. The outer loop controls trajectory of
the manipulator with the output is the virtual torque. The inner loop guarantees the torque stability of the hydraulic
subsystem. In each loop, an EFSMC system, in which a translation width idea is embedded into the FSMC is applied.
Moreover, to confront the uncertainties existed in practical applications, an adaptive tuner, which is derived in the
sense of the Lyapunov stability theorem, is utilized to adjust the EFSMC parameter for further assuring robust and

optimal control performance.

,,,,,,,,,,,,,,,,,,,,,,,,,, e
i i i ‘
: @ Adaptive law i Adaptive law : !
Position ! ! ; . !

i Reference 2 i s, €1J/ rd: s &l Lyl The :
:% FIS : i SMC Fuzzy LRI Fuzzy L% s —:e ESEM | |
e o ‘ i system | !

: Al Ti I Equivalent | Equivalent i 1
! q | q ‘

‘ ,i control i control : }
i = Xp | i ; Feedback [
: Vibration | Y22y £, 1 i 1
. control LEQﬁ',t,'QI‘,,C,ODE",O,I ,,,,,,,,,,,,,,,,,,,,,,, ; Torquecontrol L :

Figure 11 Structure of the hybrid controller

3.2 Design of Adaptive Input Shaping

3.2.1 Conventional Input Shaper - ZV and ZVD
Between the late 50°s and the publication of the input shaping technique (IST) paper by Singer and Seering [8],
there was some work on the shaping of input profiles for control of residual vibration [35], [36]. Swigert [36] proposed

techniques for the determination of torque profiles which considered the sensitivity of the terminal states to variations
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in the model parameters. Publication of the IST paper renewed interest in profiteering reference inputs for robust
vibration control, which has resulted in dozens of papers with application to spacecraft, robots, cranes, chemical

processes, etc.

As a first step to understanding how to generate commands that move systems without vibration, it is helpful to
start with the simplest such command. By giving a system an impulse will cause it to vibrate; however, if we apply
the second impulse to the system at the right time, we can cancel the vibration induced by the first impulse. This

concept is shown in Figure 12.

—A| Response
...... » Response

----- Total Response

Position

Time

Figure 12 Two impulse response

As shown in Figure 12, it is important to derive the amplitudes of the impulse, A; and A, and it’s time location T, and
T,. If we have properly value of the system’s natural frequency, wn, and damping ratio, ¢, then the residual vibration

that results from a sequence of impulses can be described by [37]:

V(@)= [C(a) +S(0) (31)

where

C(w,()= Zn:AeC’“T' cos(a,T;),
= (32)

S(04)=3 Ae“ sin(a,T,)
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Aj and t; are the amplitudes and time locations of the impulses, n is the number of impulses in the impulse sequence,

and @, = a)nJl—cjz . (31) is actually the percentage residual vibration. It presents how much vibration a sequence of

impulses will cause. By setting (31) equal to zero, we can solve for the impulse amplitudes and time locations that
would lead to zero residual vibration. However, we must place a few more restrictions on the impulses, or the solution
will converge to zero-valued or infinitely valued impulses. To avoid the trivial solution of all zero-valued impulses

and to obtain a normalized result, we require the impulses to sum to one:
Y A=1 (33)

For a two-impulse sequence, the problem has four unknowns, the two impulse amplitudes (A1, A2) and the two impulse
time locations (T1, T2). Without loss of generality, we can set the time location of the first impulse equal to zero, T, =
0. The problem is now reduced to finding three unknowns (A1, Az, T2). In order for (31) to equal zero, the expressions

in (32) must both equal zero independently
0=A +Ae“" cos(ayT,) (34)
0=Ae“"sin(a,T,) (35)

By solving these above constraints, the sequence of two impulses which refers as zero-vibration (ZV) shaper that leads

to zero residual vibration can now be summarized as [8]:

Tl :Ov Tz :l,
@y
—cr
1 eﬁ (%)
Ai = - ! AZ = —gr
1+eJ1‘7 1+e‘/1‘?

As presented in (36), these parameters of ZV shaper depend on the system’s natural frequency, wn, and damping ratio,
¢, which are hard to obtain exactly in a practical system. This may lead to the residual vibration will not result in zero.
In order to increase the robustness of input shaping, the shaper must satisfy an additional constraint. One such

constraint sets the derivative of (31), with respect to frequency, equal to zero
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d
0=—V(2f)

Another IST called a zero vibration and derivative (ZVD) shaper is presented as follows

Vs 2r
T2 =—, T3 = —
Wy Wy
-G —2¢m
2 2
2eV B eV
—sr —2¢m ! A3 - - -2¢1
2 2 2
1+2eVs eV 1+2eW eVt

@37)

(38)

The examples of impulse sequence convolved with a pulse signal are shown in Figure 13. In practical application,

there always exist errors in system’s parameters identification, and the ZV shaper is very sensitive to modeling errors

since small deviations from the modeling frequency can lead to large amounts of residual vibration. Figure 14 presents

the robustness comparison of some shapers called sensitivity curves [8].

Az A3
Initial Ao
nitia
command A Z\V shaper Z\/D shaper
A
0 T 0 tl T+t1 0 tl t2 T+t1+t2
Figure 13 Continuous shaper input
——ZV Shaper
25 \ —----Robust (ZVD) Shaper
Exnly ,
E \ -\ ll'
= A kY h
SEREN \ ;
E 10 '.“
£
& St s Vol
0 Y4 Mot !
0.5 0.75 1 1.25

Normalized Frequency (0/®,)

Figure 14 Sensitivity curves
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3.2.2 Proposed Adaptive Input Shaping

If the estimated values are close to the actual values, the ZV shaper results in an excellent vibration suppression.
However, as can be seen in Figure 14, the percentage of vibration is increased rapidly if the system’s parameters are
out of acceptable range of 5% insensitivity. Due to the working condition, the VSA adjusts the stiffness along with
system parameters (w and ¢) in a wide range. Even with the (ZVD) shaper which is more robust to the modeling errors
than ZV, cannot perform well in such a large deviation of actual frequency and modeling frequency. The FIS is
designed in this section that is able to update the IS parameters during the stiffness varying of the manipulator to keep
the estimated values as close to the actual values. As a result, The ZV remains the percentage vibration under the

desired value.

First, the ESEM was executed without IS at some positions of the VSA system to collect the oscillation response of
the end effector. The signal was analyzed by the spectral estimation toolbox of MATLAB and [37] to obtain the ZV
parameters. Based on the analysis, the designed parameters of the model and the behavior of the ESEM system, the
fuzzy input/output MFs were chosen as Figure 15. Let the position of the ball screws nut, Xvsa, and cylinder velocity,

X, , be the input linguistic variable of the fuzzy logic, the ZV parameters, Ai and Ti be the output. Triangular type

input membership functions (MFs) with fuzzy sets PO, P1, P2, P3, P4, P5 and output MFs with fuzzy sets Tog, Tor,
Tig, Tir, T2g, T2r, Tsg, Tar, Tag, Tar, Tse, Tsr, Aze, Aze, Air, Azr are shown in Figure 15 for the proposed FIS. The

rule table is finally designed and shown in Table 3.

Table 3 Rule table of the fuzzy inference

FIS Rule Input 1 - Xvsa

Input2- %, | PO | P1 | P2 | P3 | P4 | P5

Extend Aie | Aie | Aie | Aie | Aie | A
Ak | Ae | Ae | Ae | A | Ax
Toe | Tie | Tee | Tse | Tae | Tse

Retract Air | AR | Air | Air | Air | AR
Ar | AR | Ar | A2r | A2r | AR
Tor | TR | Tor | Ter | Tar | Tsr
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PO P1 P2 P3 P4 P5
S
0 10 20 30 40 50 7
a. as
Tsr Tar Ter Tor Tir Tor
>
92 94 96 98 100 105 110 102
b- TRetract
Tse Tae Tae T T Toe
>
90 92 94 98 101 104 109
C. TExtend

Figure 15 MFs for input/output of the proposed FIS

3.3 Design of Backstepping Adaptive Enhanced Fuzzy Sliding Mode controller
The proposed BAEFSMC system for the ESEM is discussed into two parts. Based on the chosen states of the
system, the first part is designed for the outer loop, position control, the second part is utilized for torque control to

find the control law for the servo valve so that the manipulator angle can track the desired commands.

Step 1: Design the SMC to guarantee the tracking position error as small as possible. This step will generate the virtual

torque control xs4. Choosing the sliding surface as [38]

s, =C,e, +€, (39)

where c; is non-zero positive constant, tracking error of first and second state variable: € =X, = X4 ; €, =X, = X5, .

Differentiating (39) with respect to time yields

§,=C6 +6,
B L E . (40)
=C€ +Bx; +F +d, (t)— X,
Define the torque tracking error as
S, = X3 — Xy (41)
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Using backstepping technique, the equivalent control effort can be derived as the solution of $; (t)=0 without

considering the uncertainty di(t)
X3eq = B™ (XZd —C& —11s — 'E) (42)

where I7; is a positive constant.

In order to remedy the chattering phenomenon in the conventional SMC, a fuzzy logic inference mechanism is used
to add a translation width, ¢; , into the virtual torque control, referred as EFSMC [28]. The design principle is that,

when the error states are near the sliding surface, the hitting control effort will vanish to avoid imperfection of actual
switching device. On the contrary, while the error states take away from the sliding surface, the translation-width term
will be embedded to pull the error states back to the sliding surface rapidly. Let the sliding surface s; be the input
linguistic variable of the fuzzy logic, and let the virtual torque xsq be the output linguistic variable. The fuzzy linguistic

rule base can be summarized as follows
Rule 1, If 51 is Positive, then Xaq IS Xzeq — €1
Rule 2, If s1 is Zero, then Xsq iS Xaeq
Rule 3, If s1is Negative, then Xzq IS Xzeq + €1

The triangular membership functions and center average defuzzification method are also adopted in the EFSMC

system, and the membership function of xsq is depicted in Figure 16

Negative Zero Positive

\j

Zy 0 Z,

X3eq — e* X3eq X3eq t e*

Figure 16 Membership functions of fuzzy sets for EFSMC of outer loop
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Then, the control output of the outer loop can be expressed as

Xsg = Way (Koo = &) )+ Wi Xagq + W3 (Xoq + 1 ) (43)

3eq 3eq

where 0 <w; < 1,0 <wip <1, 0<wis <1, are the firing strengths of rules 1)-3), respectively; the relation wi; + wi

+ w13 = 1 is valid according to the special case of triangular membership functions; (43) can be rewritten as
Xag = Xaeq =& (Wyy =Wy ) (44)

The virtual torque in (44) can be further analyzed as the following four conditions [39], and only one of four conditions

will occur for any value of s;

e Condition 1: If s; > Z; then wi; = 1; wio = wiz = 0.

*

X3g = X3eq ~ &1 (45)
e Condition 2: If 0 <3 < Zzthen 0 <wig, Wi2<1;wi3=0.

X3g = X3eq —Wné‘I (46)
e  Condition 3: If Z, <51 <0 then w1 = 0; 0 < Wy, Wis< 1.

Xag = Xgoq +Wia&; (47)
e Condition 4: If s; < Zp then wi1 = w12 = 0; Wiz = 1.

Xag = Xgeq +&; (48)

There exists an optimal translation width, gI , which can be obtained as (49) to achieve minimum control efforts and

match the sliding condition [28]. However, the stability of the control system cannot be guaranteed during the whole
control process, and the magnitude of the control effort is deeply affected by the translation width. At the same time,
the translation width is related to the magnitude of uncertainties to pull the error states back to the sliding surface. If
the translation width is too small, then the tracking-error dynamic trajectory may be away from the sliding surface.

Therefore, a conservative control law with a large width is usually selected. Although using a conservative value for
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the translation width results in hitting the sliding surface rapidly, it will yield large control efforts such that it is difficult

to implement in practical applications.

o ld

& = |+71 (49)

|W11 — W

where y; is a small positive constant. In practic, the unknown lumped uncertainties vary flexibly, the optimal
translation width, e1*, is impossible to obtain exactly. Thus, an adaptive algorithm is used in this loop to estimate the

value of the translation width, and its estimated error is defined as
&(t)=¢(t)-¢ (50)

The virtual torque can be represented as

A

Kag = Xagg — &1 (Wyy — W5 ) (51)

Choose the first Lyapunov candidate as

-0 () -

where a1 is a positive constant. Differentiating V1 with respected to time, then substituting (40)-(42), (49) into it yields

V, =5, (1)$, () +a.d (1) & (1)
t)[ Bs, — 17,5, — & (t) (Wy; — Wy )+, (t) |+ a8 ()&, (1)

:gSlSZ_Hlslz+a1§1(t)‘él(t)_sl(t)|i€1*(Wll 13) d t) él W11 W13) 1*(W11_W13):| (53)
:Eslsz—Hlsf—sl(t)(wu—wn)Lvld t)|| 4.0 )} Wy~ W, )&, (1) + s, (V)4 (1)

S§5152—171512_Sl(t)71(W11_W13)+31(t)§1(t) {gl(t; (Wllal )}

If the adaptive law for the translation width is designed as

0 s, () (W, —wi, ) (54)
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And, due to the analysis from (45)-(48), the inequality s, (W11 —W13) >0. It is obvious that if the s; is approximately

equal to zero, the tracking error s; will converge to zero. Thus, the next step is to control the differential pressure error

is as small as possible.

Step 2: Taking the time derivative of (41)

§, =% —X
s , (55)
=K +uH +d, (t)— X,
Choosing the control signal ueq as the solution of S, (t) =0 without considering the uncertainty d(t)
Upy = H™* (K + Xy — IT,5, - Bs, ) (56)

where 71> is an arbitrary positive constant. As the outer loop, the optimal translation width, g; , Which is obtained in
(57) will be added to the control signal u by the similar fuzzy logic engine. Another adaptive law also derived in the
sense of the Lyapunov stability theorem in other to turn the value of the translation width g; to confront with the

system uncertainties online, and its estimated error can be defined as (58)

. d, |

o =%l __ ., (57)
2 |W21_W23|H 2

&(t)=4(t)-¢, (58)

Let the sliding surface s, be the input linguistic variable of the fuzzy logic, which is the same as the outer loop, and
let the control signal u be the output linguistic variable. The triangular membership functions and center average
defuzzification method are also adopted in the inner loop, and the membership function is shown in Figure 17. Thus,

the control signal is obtained as
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A
Negative Zero Positive
Xp 0 Xa -
U-—e* u U+ e*

Figure 17 Membership functions of fuzzy sets for EFSMC of inner loop
u= Ugq _éz (W21 _Wza) (59)
Consider the Lyapunov function for the inner loop with the small positive constant o, as

V=V, + M (60)

The Lyapunov derivative is as follows:

V =V, +5,8, + a,8,8,
= Bs,S, — 11,57 =, (1) 7, (Wy, — Wy )+ .8, (1) &, (1) -, (t)[]]zs2 +Bs, + HE, () (W, —w,, )—d, (t)]

- B — . d, (t) . .
=—11,5} - IT,5; — s, (t) 7, (Wy, =Wy, )+ @,8, (1) €, () — Hs, (t){gz (W, —Ww, )——Zl__(| )+g2 (1) (Woy —Wag ) — &5 (Woy — W)
_ d, (¢) d, ()
= —I1,52—IT,5% —s, (t —w,, )~ Hs, (t)(w,, — _|2— L -
151 2S5 =S ()7, (Wyy —wyg ) = Hs, (t) (wy, W23)|:H|W21—W23|+}/2 H (W, —wy5)

5, (1) (Wy — W5 ) &, (1) + 2,8, (1), (1)
‘éz (t) _ (W21 _W23):|

<—I1,87 = 1,57 =5, (1) 7, (Wy, —=Wy3 ) =S, (1) 7,H (Wy =W ) +5, (1), () 2, LZ o o
(61)

If the adaptive law for the inner loop is designed as

O )
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Then (61) becomes

V < —T1,87 — IT,85 =5, (t) 7, (Wi = Wiz ) =S, (1) 7,H (o, — Wy ) (63)

According to the inequality s, (W,, —W,, ) >0 and the positive function H , we can obtain V (t) <0, V (t) is negative
semidefinite, which means that V (t) <V (0). It implies that su(t), s2(t), & (t),and &,(t) are bounded. Therefore, the

proposed controller satisfies the condition V (t) <0 or the closed-loop system is stable and !im e=0 [38].

To make a comparison of the trajectory tracking performance and the robustness of the proposed controller, another
backstepping proportional integral derivative (BPID) control and backstepping sliding mode control (BSMC) were
also designed and embedded. The BPID shown in Figure 18 uses PD for the position control loop to realize the desired
torque and Pl in the inner loop for torque control. The control signal which is sent to the servo valve to control the

manipulator can be expressed in the time domain as follows:

Td (t): Ke.€, (t)"'KDldeg—t(t) (64)
u(t)=Kp.e (t)+ K,Zjet (t)t (65)

0

where e, (t) is the position error between the desired angle set point and the output, dep (t) is the derivation of position
error, 7, (t) is the desired torque, K, is the proportional gain of outer loop, K, is the derivative gain. In the second
PI controller, e, (t) is the error between the desired torque and the feedback, K., is the proportional gain of inner

loop, K,, isthe integral gain, u (t) is the control signal. These parameters are changed within their boundaries which

are determined from practical experiments.
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i Position ! i
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: Reference O\ & PD T e Pl E;E?\/I :
i = controller I controller i
i O, : T system |
i : i
! : Feedback [
| 0 |

| 1
[ i !
| |

. Position control

R ——————— T——"——————————

Figure 18 Scheme of BPID controller for the ESEM system
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The BSMC uses two conventional SMC systems for two loops which has structure as Figure 19. Similarly to the

proposed controller, the two sliding surfaces and their derivative are assigned as (39), (40), (41) and (55). The virtual

torque 7, (t) can be obtained as
7y =B (X —C,& — I8, — F +7,5ign (s, ) (66)
where /7, is an arbitrary positive constant, the sign function sign (sl) is defined in (67)

. 1 ifs(1)=0,
S|gn(sl)_{_1 i 5,(1) <0, (67)

n, is the robust gain and to guarantee the stability of system based on Lyapunov theory, 7, should be chosen as the

boundary of the perturbation d, (t), 7, ||d, (t)]. -

The control signal which is generated by the second SMC is

U=H™(-K+%, —7I,5,—Bs, +n,sign(s,)) (68)
where /7, is an arbitrary positive constant, the sign function sign (sz) is defined in (69)

. 1 ifs,(1)=0,
S'g”(SZ)_{—l if s, (1) <0, ©9)

17, is the robust gain and to guarantee the stability of system based on Lyapunov theory, 7, should be chosen as the

boundary of the hydraulic perturbation d, (t), 7, ||d, (t)|

0

. Position : SN |
i Reference e T4 i S u 3 |
| -, SMC1 >, sMc2 %> ESEM | |
! ) T system | |
| . |
: : Feedback :
| ! |
| Posiioncontrol | Torquecontrol |

Figure 19 Scheme of BSMC controller for the ESEM system
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Chapter 4

EXPERIMENTAL RESULTS

4.1 Test bench setup

Figure 20 shows the schematic diagram of the proposed ESEM. The system hardware includes three main parts,
named the hydraulic subsystem, the mechanical subsystem, and the VSA system. Two encoders are used to measure
the rotational motion of the two links. A loadcell (YM13 — 100K) connecting the cylinder and the flexible joint is used
to identify torques acting on the rod. The pressure in two chambers is obtained by two pressure sensors. In Figure 8,
another encoder mounted to the DC motor to feedback the position of the nut. The setting parameters for the ESEM

system are as shown in Table 4.

Mechanical
Subsystem  / \ @ ~o———o—o

PP s

Hydraulic
Subsystem

Figure 20 Schematic diagram of the electrohydraulic-series-elastic-manipulator system

Table 4 Setting parameters for the ESEM system

Components Parameters Specification

Displacement 3.6 [cclrev]

Hydraulic Pump
Rated rotation speed 1730 [rpm]
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Relief pressure 150 [bar]
Model MOOG - D633
Servo valve
Rated flow 10 [I/min]
Tube diameter — D 46 [mm]
Hydraulic Cylinder Rod diameter — d 22 [mm]
Length of stroke — leyi 35 [mm]
Effective bulk modulus 1.5x10° [Pa]
Hydraulic oil
Specific gravity 0.87
Capacity 100 [kof]
Load cell
Rated Output 2.052 [mV/V]
Model E60H
Encoder
Resolution 8192 [p/rev]
Capacity 160 [bar]
Pressure Sensor
Rated Output 16 [bar/V]
Model IG — 36PGM
DC Motor Gear Head Reduction Ratio 1/5
Encoder resolution 26 [p/rev]

The proposed controller is implemented on an Advantech Industrial computer (Core i5 3.5 GHz) within Simulink
environment combined and Real-time Windows Target Toolbox of MATLAB. An encoder Quad-04 card from
Measure Computing Corporation uses to collect data of three encoders and two multifunction data acquisition
Advantech cards, A/D 1711 and A/D 6220, are installed in the PCI slots of the PC to perform the peripheral interfaces.

The experimental apparatus is shown in Figure 21.

33



Electrohydraulic series elastic
manipulator

VSA system

box

Figure 21 The experimental apparatus

In this section, a number of experiments were carried out to prove the effectiveness of the proposed controller. The
control algorithms were built by the combination of Simulink and the Real-time Windows Target Toolbox of
MATLAB. The VSA system was adjusted to lowest stiffness, x.s2=0, at the first ten seconds, to highest stiffness,
Xvsa=D0, at the last ten seconds in case 2, case 3, and to random positions in case 4. The system parameters were
adopted carefully based on the model design and experimental processes. All the parameters of the above controllers

are chosen to achieve the best transient control performance as follows

- BPID:K,, =1.1x10°, K,; =0, K,, =2x10°, K., =2x107, K,, =7,K,, =0.
- BSMC:c, =60, 7;,=850, ,=1, I,=6.72x10" , 5, =6 x10°.

- BAEFSMC:c, =60, 77,=900, , =0.01, /7,=6.72x10" ,a, =0.5.
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4.2 The variation performance of the VSA system
First of all, to investigate the dynamic characteristic of the proposed VSA system, an experiment was setup using a

PID controller with K,, =2.5,K,, =0.4 K, =0.05. The responses of the VSA to sinusoidal y =10sin(e,t)at the

nut’s starting position of 25 mm with @, from 0.1 to 7 rad/sec in the frequency domain were collected to plot the Bode

diagram shown in Figure 22. The PID controller shows the ability of closely tracking to the input signals that are lower
than 3 rad/sec. The bandwidth of the proposed VSA in this case is about 5.8 rad/sec. This PID controller will be used

to control the position of the ball screws nut, xusa, for next case studies.
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wn
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Frequency (rad/s)

'
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-180 . . L . . N T

|

107! 10° 10!
Frequency (rad/s)

Figure 22 Bode plot of the VSA system with a PID controller

4.3 Case study 1
In this case, the ESEM tracks to the desired trajectory as a sinusoidal r(t)=12+10sin(2zt), the comparison of

position and torque response, control signal is presented in Figure 23 to Figure 25. From the results, we can realize
that the BPID controller provides a worst response. Due to the presence of nonlinearities and uncertainties, the BPID
controller cannot ensure accurate trajectory tracking. The proposed controller performs a favorable tracking response
not only at position control loop but also at torque control loop. A little vibration occurs at cylinder’s starting point

but the ESEM quickly tracks to the reference with steady state error in a range of [-0.02 0.03] degree. The control
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signal in comparison with BSMC shows that the chattering phenomenon is reduced significantly according to the

online adjustment of the translation width.
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Figure 23 Comparison of the sinusoidal response of the ESEM system.
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Figure 25 Comparison of the sinusoidal control signal. a) PID b) BSMC c¢) BAEFSMC

4.4 Case study 2

Since the ESEM is a low-bandwidth system, and to enable the capability of suppressing vibration of the IS, the
reference signal must go through an appropriate low-pass filter. For the first case study, the performance of these
controllers to the pulse trajectory tracking is shown in Figure 26, Figure 27 and Figure 28. The response shows that
using the proposed controller, the ESEM system performs a better convergence and more stable in both position and
torque control loop. The first link reaches to the desired position much faster than the other, and the steady state error
is bounded in a range of [-0.02 0.02]. In the inner loop, the virtual torque is generated very close to the feedback

torque. The chattering phenomenon also reduces significantly compared to the BSMC.
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Figure 26 Comparison of the pulse position response of the ESEM system.
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4.5 Case study 3

This case study discusses the tracking task of multi-step trajectory. The responses of the ESEM system with these
controllers, system states, control signals are shown in Figure 29, Figure 30 and Figure 31, respectively. As shown in
these figures, the ABEFSMC is able to maintain excellent performance even with the large range of setpoint and high
stiffness working condition. The steady error is still bounded in the range of [-0.02 0.02]. The feedback torque keeps
tracking to the virtual torque control effort in Figure 30c which means that all defined states are stable. Therefore, the
robust tracking performance is guaranteed by the presence of parameter variations and external load disturbance. The

translation widths in both loops also play a good role in reducing the chattering phenomenon.
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4.6 Case study 4

In the fourth case study, the effectiveness of the hybrid controller, especially the FIS, in vibration control for the
repetitive task is presented. As the result of the second case study, the response of the second link to the pulse trajectory
with the BAEFSMC at the lowest stiffness working condition, xvsa = 0, was used to calculate the parameters of the ZV
and the ZVD. The oscillation of the end effector was translated into a peak in the periodogram as shown in Figure 32.
According to the result, the estimated value of the natural frequency is 4.93 Hz. In the other hand, the damping ratio
was obtained by [37] is 0.037. By using these values, another experiment was setup to illustrate the influence of the
changing stiffness to the IS performance. The ESEM tracked to the shaped and unshaped pulse trajectory while the
VSA position keeps increasing to the random values. The response of the end effector corresponding to each position
is shown in Figure 33 and Figure 34. The black dotted line is the vibration of the end effector without using the 1S,
and the blue line are the vibration of the end effector with the ZV and the ZVD. It is obvious that the VSA position is
at 0, the ZV and ZVD suppress the vibration excellently due to the small error in the estimated values. The more the
VSA position increases the larger amplitude of the residual vibration gets. Although the ZVD is more robust than the
ZV [8], it cannot perform well in such a large range of stiffness varying. Besides the effect of gravity also causes the

different oscillation in both directions of the cylinder.
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Figure 32 The periodogram of the end effector oscillation

To overcome the problems mentioned above, the fuzzy logic engine designed in section 3 was used to update the ZV
parameters online corresponding to the VSA position and the cylinder actions. As the results presented in Figure 35,
the vibration is vanished stably against the stiffness adjusting. The ZV parameters quickly change to the optimal values
so that the vibration suppression will not be affected by the parameters turning. The FIS fuzzy output gain is shown
in Figure 36. The comparison of vibration response at two positions, Xvsa = 37 and xvsa = 45, is zoomed in Figure 37.
The presence of the FIS does not cause any influence on the precise trajectory tracking of the ESEM system. The
position response of the manipulator using BAEFSMC with FIS is displayed in Figure 38. The associated tracking

error still remains in [-0.02 0.02].
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Chapter 5

CONCLUSIONS AND FUTURE WORKS

This study proposed and investigated an electrohydraulic series elastic manipulator containing a novel variable
stiffness actuator. Some key problems were discussed and solved such as how to provide precise trajectory tracking

control as well as suppress the residual vibration robustly to the variable adjustment.

Chapter 2 analyzed and expounded the proposed system. The novel variable stiffness actuator is able to provide
an ability of wide variety of joint stiffness, high dynamic due to the independent operating of primary torque generator.
The bandwidth of the VSA system could be up to 5.8 rad/sec. All hydraulic components, the two-link robotic
manipulator and the variable stiffness actuator were mathematically modeled based on parameters of the testbench.
An advanced approach was used to include the hydraulic actuator dynamic in other to reduce the influence of the
nonlinear characteristics of the hydraulic subsystem as well as the derivative action in the conventional backstepping

technique.

For the position and vibration control purpose, the VSA used two soft springs and acting as a disturbance source.
Since this system is a complex high order and highly nonlinear system, two adaptive enhanced fuzzy sliding mode
control systems were designed in chapter 3 for two system states by using backstepping technique to reduce the order
of model and guarantee the stability and the robustness of the whole plant in the presence of nonlinear elements and
disturbances. A translation width was applied to two loops to remedy the chattering phenomenon. The adaptive laws
were derived from the sense of Lyapunov stability theorem to update the value of translation width online. A fuzzy
engine was designed and embedded in the vibration control loop to keep the robustness of the ZV by turning the ZV
parameters according to ball screws nut position and the cylinder action. Experiments were carried out to evaluate the
effectiveness of the proposed controller. The results show that the hybrid controller was successfully employed and

achieved a good performance at both position and vibration control.

The hydraulic dynamics is mainly affected by the parametric uncertainties such as temperature, Bulk modulus,
friction, etc. In other to increase the precision position control and the robustness of the controller, additional adaptive

parameter rules should be added to the proposed controller in future work. Moreover, the fuzzy input shaping was
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used in this study only considering the fixed load at the end effector. For variety load condition, the FIS needs to

utilize additional observer to feedback further information for the FIS.
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