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ABSTRACT

The thesis investigates the adaptive control of hydraulically-actuated manipulators using a
Generalized Predictive Control (GPC) algorithm. Poor dynamics and high nonlinearities
form part of the difficulties in the control of these systems, and make the application of
adaptive controls an attractive solution. The feasibility of applying GPC to a two-link
hydraulic manipulator is first studied through computer simulation, and its control
performance is compared with that of the well known adaptive Minimum Variance
Control (MVC) algorithm. Issues relevant to position and force controls are addressed.
Experimental study on a single hydraulic actuator is then carried out on both position and
force control. Special care is taken to the application of on-line parameter estimation
using the method of Recursive Least Squares (RLS) to guarantee numerical accuracy and
stability. The work consists of the following main parts:

1. A linear mathematical plant model is established suitable for the control equation
formulated in single-input single-output (SISO) GPC algorithm. Comprehensive study
is conducted to find the effect of design parameters and to test the adaptability of the
algorithm through computer simulation. Computer simulation results of minimum
variance control are also compared with those belonging to GPC to identify their
respective characteristics with the emphasis on adaptability.

2. SISO-GPC algorithm is extended to multiple-input multiple-output (MIMO) GPC
algorithm, paying attention to the interaction between links in order to improve the
response. Consequently, the control is performed in the Cartesian space instead of the

joint space.
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3. The adaptive control strategy using SISO-GPC algorithm is then applied to the force
control of the manipulator after the establishment of the system model theoretically.
Results are also compared with those belonging to MVC algorithm. Finally, MIMO-
GPC algorithm is adopted towards position/force of the manipulator.

4. The efficiency of adaptive control using SISO-GPC algorithm is verified by
experimentation, performed on a hydraulic actuator. The results are also compared
with those belonging to MVC algorithm.

The significance of this thesis is firstly, a comprehensive study on the position and force
control of hydraulic manipulators using adaptive SISO- and MIMO- GPC scheme is
conducted. Literature survey suggests that no previous research has been reported on the
introduction of SISO- and MIMO- GPC to force control of hydraulic manipulators.
Secondly, comparisons between SISO-GPC, SISO-MVC and MIMO-GPC applications to
hydraulic manipulators are made for the first time through computer simulation and/or
experimentation. Finally, the work in this thesis demonstrates the state-of-the-arnt
performance of GPC algorithm on the control of hydraulic manipulators, offering relevant
industries the option of applying advanced control solution.

ii
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

As one of the most challenging multi-disciplinary areas of research and development,
robotics has been experiencing a rapid growth over years. Amongst the three types of
actuators to power a robotic arm, i.e., electric, pneumatic and hydraulic, the utilization of
hydraulic ones is very attractive, even becoming inevitable in certain scenarios, for their
standard, safe and easy-to-maintain components as well as their reliable performance and
ability to generate high forces for a sustained period of time. For instance, in large
resource based industries or in hazardous, explosive atmospheres where electric devices
are either incapable to produce forces large enough, or would not survive at all, the

utilization of hydraulic actuators is obviously the best choice.
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Chapter I Introduction

On the other hand, hydraulically-actuated manipulators do have disadvantages. Specially
from the control view point, hydraulic systems are complex, nonlinear and difficult to
analyze. A close investigation has suggested that the problems are mostly related to the

nature of hydraulic functions {1].

First of all, in a hydraulic drive unit, flexible connecting hoses, large volume of fluid under
compression and trapped air in the hydraulic fluid lead to high compliance. The high
inertia and high compliance reduce the natural frequency and the damping effect of the
joint mechanism. In addition, the interaction effect between links is intensified by the
hydraulic compliance which may deteriorate control performance. Further, hydraulic
compliance can not remain constant. During operations, as fluid temperature rises, air
starts to dissolve in the system, resulting in a substantial change in the compliance [1].
Secondly, as in other types of robotic manipulators, dynamic characteristics of linkages
vary as a function of the joint positions and velocities, the payload being manipulated, the
stiffness of the environment being interacted, etc. Besides, the performance of hydraulic

valves is highly sensitive to payload and/or environmental interaction.

Furthermore, as robotic manipulators extend their capabilities, their significant interaction
with environment is necessary to be brought into account when the manipulators are
performing certain tasks. Examples include pushing/pulling, scraping, grinding, twisting,
deburring, drilling, etc. Thus the problem of force control need to be addressed. Over
years, force control has enjoyed great popularity among all kinds of research topics in

robotics. Whitney [2] provided an excellent review. Usually, the force control is not a
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stand-alone problem. Many tasks require the end-effector to follow trajectories in both
position and force regards. A common scenario is that the end-effector is commanded to
travel the contour of environment while exerting a constant force on the environment
surface along the orthogonal direction. One common solution to this problem is hybrid
position/force control structure [3]. The basic idea behind the hybrid control is that the
physical constraints of the task should dictate those axes along which force is controlled

and those axes along which position is controlled.

The aforementioned dynamic uncertainties and requirements constitute the uniqueness and
difficulties of the control of hydraulic manipulators, which also make the circumstance

suitable for adaptive control approaches.

Much attention and substantial research has recently been devoted to the study of adaptive
robot control, reflecting its current importance in robotics [4, 5]. An adaptive system
measures a performance index which is a function of the inputs, states, or outputs of the
system. Using the performance index, an adaptation mechanism modifies the parameters
of the controller. Two philosophically different approaches exist for the solution of
adaptive control [6]. In the first approach, referred to as indirect adaptive control,
control action is updated based on the on-line estimation of system’s parameters.
Conversely, the method that bypasses the system parameter estimation and directly adjusts
the control action is termed direct adaptive control. The first approach, i.e., indirect

adaptive control, is adopted in this thesis.
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Several published work has examined various indirect adaptive control algorithms such as
Minimum Variance Control [7], single-variable Generalized Predictive Control [8], and
Pole Placement Method [9] on position control of hydraulic manipulators. The focus in
the present work is on the adaptive position and force control of hydraulic manipulators
utilizing Generalized Predictive Control algorithm. GPC algorithm has gained intensive
attention since it was first documented by Clarke, et al [10, 11] in late 1980s. The
algorithm predicts the plant’s future outputs for a sequence of future desired set-points. A
cost function defined based on the future output errors and control inputs is minimized to
produce a set of optimized future control signals. The algorithm has an inherent integral
control action, and claims to be capable of stable control of processes having variable
parameters, of variable dead time, with nonminimum-phase plants, and with badly damped

poles [10].

To the best of our knowledge, there is no published work on position control of hydraulic
manipulators using multiple-variable GPC algorithm, nor on force control using either

single-variable or multiple-variable GPC algorithm.

1.2 OBJECTIVES

The purposes of the present thesis are twofold: (i) to explore the feasibility of the
application of a generalized predictive control strategy to adaptive position and force

control of hydraulic manipulators, aiming at acquiring true and accurate information on
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how and to what extend the strategy can be applied; (i) to document the comparison
between GPC and the well known method of Minimum Variance Control MVC), in order
to facilitate the decision-making for future research and/or application about which
strategy should be further pursued. The comparison is based on the criterion that the
characteristics of the chosen one could be exploited to the maximum extend on both
advantageous and disadvantageous ends. The specific objectives of the research are as

follows:

1. To derive appropriate mathematical models representing the controlled plant,
depending on which variable is to be controlled, position, force or both, and, on
which control algorithm is to be used, single-variable GPC, multiple-variable GPC

or single-variable MVC.

2. To evaliate and compare the control performances of both GPC and MVC
algorithms via computer simulation and to investigate the adaptability of both
algorithms under various scenarios. Also, to study the effects that the design

parameters might have on the controlled system.

3. To experimentally verify the above findings by conducting experiments on a single
hydraulically-actuated test rig, on both position and force control. During the
experimentation, careful attention is paid to the on-line parameter estimation using

the method of RLS in order to achieve numerical accuracy and stability.
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1.3 OUTLINE OF THE THESIS

This thesis consists of seven chapters. In Chapter Two, the nonlinear system dynamics of
a two-link hydraulic manipulator is described in time domain. The Laplace transfer
functions are developed in Chapter Two for both single-link and multi-link hydraulic
manipulators to enable applications of adaptive control algorithms. A review of single-
variable GPC, multiple-variable GPC and single-variable MVC algorithms is presented in
Chapter Three. Chapter Three also presents the application issues of an on-line estimation
algorithm, the Recursive Least Squares (RLS) method. Chapter Four is dedicated to the
position control studies. The application of single-variable GPC algorithm is first studied,
and the control performance is compared with that of single-variable MVC algorithm
through computer simulations. The study is then extended to multiple-variable GPC case,
in an attempt to achieve more accurate tracking. Force control issues are addressed in
Chapter Five with an outline similar to that of Chapter Four. Experimental results on the
control of a single hydraulic actuator are presented in Chapter Six. First, the validity of
the experimentation, as an approach to test control schemes originally intended for
hydraulic manipulators, is justified. Then GPC and MVC strategies are implemented, on
both position and force control. Chapter Seven summarizes the research, presenting

several conclusions and recommendations for future work.



CHAPTER TWO

HYDRAULIC MANIPULATOR'’S

DYNAMICS AND TRANSFER FUNCTIONS

The understanding of the dynamics of a system forms the very basis of any control
problem. The control of hydraulic manipulators distinguishes itself from others by taking
into account the high nonlinearity and uncertainty in the dynamics, especially those
pertaining to hydraulic functions. This chapter serves to describe the hydraulic
manipulator, and provides derivations of s-domain transfer functions. The dynamics of the
robotic links and the hydraulic driving units are first presented in time domain. Next, the
system dynamics are analyzed in frequency domain, resulting in establishment of Laplace
transfer functions from system inputs to various system outputs depending on different

cases.
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Chapter 2 Hydraulic Manipulator's Dynamics and Transfer Functions 3

2.1 SYSTEM DYNAMICS

2.1.1 Robotic Links

Fig. 2-1 Two-link hydraulic manipulator.

The mechanism of a two-link hydraulic manipulator to be studied in the thesis is illustrated
i Fig. 2-1. [, [,, m;, and m, represent the lengths and masses of links 1 and 2,
respectively. As shown in the figure, it has been assumed that the center of gravity of each

link is located at the middle of the link. 6, and 6, are joint displacements. x, and x, are

piston displacement of cylinders 1 and 2, respectively.
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Chapter 2 Hydraulic Manipulator’s Dynamics and Transfer Functions 9

Derived through the Lagrange approach [12], the equation of motion of link i is :

n . n n . .
T,=3M;0,,0,)0;+33Cub;8, +G;  i=L--n (2-1)
7=l F=lk=1

for an n-link manipulator, where 7; is the torque generated by the actuator, 9; is the joint
displacement of link i, 8; and 8; are the corresponding joint velocity and acceleration,

and coefficients M;, C;; and G; are functions of 6,,---,0,.

For the case of a two-link manipulator,

T, = [k, +2k3 cos8, 18, +[k, +k; cos8, 18, — k(26, +6,)4; sin 6,

+ k4 Cosal + ks cosol + k6 COS(OI +82) (2‘23.)

T, ={k, +k, 030,10, +k,0, + k367 sin@, +kg cos(6, +6,) (2-2b)

where k(. ...y are evaluated as:

2 2
_mli  myl; 2
k ——3 +-—3 +my,l|
I
ky = my5
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L

ks ='"221 2
l

k, =m1281
ks =mygl,
l

ke =’"2282

Equations (2-2) are nonlinear. For further analysis it can be linearized about reference

point (8,.8,.,6,.8,,8,,8,). For small variation about the reference point and neglecting

small terms, the final linearized model becomes [1]:

o 2]
where A6 and A6, represent small changes near the corresponding reference points 6|
and 6,. Further,

Hy =k +2k; cosé,

H,, =k, +k; cosé,

Hy, =k, +k;cosé,

sz =k2.
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2.1.2 Hydraulic Actuator

Each link is driven by one hydraulic actuator. The main components of hydraulic actuator
are directional valves, connecting hoses, and cylinders. Fig. 2-2 shows the schematic of
the hydraulic driving unit for link 1 using a closed-center four-way valve operating from a

constant pressure pump system.

P, P;
Retum Supply
—t , Input Signal
~
Spool
— B O H Qo
Xy : Torque Motor
Ci |
Py

Fig. 2-2 Typical hydraulic actuator.
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2.1.2.1 Valve Dynamics

For the ith actuator, the valve variables are the spool displacement x,;, the supply pump
pressure P,, the return pressure P,. Q and Qp; are the flow rates, and P; and P,; are
the pressures of supply line and return line, respectively. The nonlinear relationship

between pressures and flows is described as:

x,;>0,
o= Kiwixvim (2-4a)
Qoi = Kiwixvim (2-4b)
x,; <0,

Qi = Ki""ixm) P;-F, (2-4c)
Qoi = KiWixvn} P = Py; (2-4d)

where the spool displacement, x,;, is proportional to the servovalve voltage input ;.

K;= ¢y J% is the metering coefficient, and w; is the spool area gradient.

2.1.2.2 Pipe Dynamics

The ith servovalve output ports dynamics are described as following:

CuPp =0y — ApX; (2-5a)
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CiaPo; = ApiX; = Qo (2-5b)
where A; and Ag; are piston’s effective areas, x; is the piston velocity. C; and C;; are
the hydraulic compliance of supply line and retum line, respectively. It is assumed that

Ci=Cin=¢C;.

The joint displacement, 8;, and the piston displacement, x;, are related by geometrical

configuration. Within the vicinity of certain angle é,- , the following relation holds [1]:

dx,- = J,(é,)do, (2’6)
- - P‘l'i Sinéi . .
where J;(8;) = —=————==oo===x"_ Referto Fig. 2-2 for the definition of /,; and
,{13,. +13 +2l,;l,; cosh;

L.

2.1.2.3 Effective Actuating Force and Joint Torque

The actuating force, f,;, the effective actuating force, f,;.and the joint torque, T;, are

given as the following [1]:
fai = PyAg — Po; Ag; (2-7a)
fei = fai—diXi = foi (2-7b)
T = fuli(6) 2-7¢)

where d; represents viscous damping coefficient of ith cylinder and f; is the equivalent

Coulomb friction reflected on the actuator.
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2.2 SINGLE-LINK ANALYSIS IN LAPLACE DOMAIN

2.2.1 Joint Position Analysis

Neglecting the dynamic coupling between the links, each link of the two-link planar
hydraulic manipulator shown in Fig. 2-1 can be viewed individually as a single-input

single-output system.

The Laplace transfer function from the servovalve input, #;, to the joint angle, ;, and the
transfer function from the servovalve input, ;, to the joint velocity, é. , are to be obtained
in this section. In the remaining text, all variables such as 6; and T; are used to represent
a small change near the corresponding reference point without the gradient, A. In

addition, J, is used instead of J,(6,) for the sake of simplicity.

By combining equations (2-3), (2-6) and (2-7), the following relationship is obtained:

J\Fa(s) | | Hys? +J0dys Hys? [91(5)] 2.8)
szaz(S) HZISZ szsz +j%d23 92(5)

Equation (2-8) can be represented as follows:

J1F a1 (s) 6,(s )]
- =H 2-9
["2Fa2(3)] (3{62(3) ( )
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H, s* +7%,s H,,s*
where H(s)=[ u A 2 ay ]
Hys Hys™ +J5d,s

On the other hand, the actuating force vector can be derived from the characteristics of the

hydraulic driving system. Linearizing the valve dynamics equations (2-4) and writing the

result in s-domain give [1]:
O =K,U; —Kp Py (2-10a)
Qo,' = K,“'U,- + KP‘ Po; (2-10b)
where
P, - P; WoX;
2 i _ﬂl'rl—’ PIJ’=PIi-POi (2‘10C)

K;=K; [ v K, =
w =R %P -B)
Here the servovalve input voltage, U;, instead of the spool displacement, Xy;, is

considered as the system input.

Transforming the pipe dynamics equations (2-5) into s-domain gives:
Qi =CiPys+ A X;s (2-11a)

Qoi =—C;FPois+Api X;s (2-11b)

Equating equations (2-10) and (2-11) to remove Q; and Q,; arrives at:

_KU-AXs KUi- Ausl©;
PIi N Kpi + C,—S N Kpi + Ci.f (2 l2a)
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P = -KEU' +A0,-Xis _ -K!_,'U" +AQ,-&;,-9,-
0i K pi +C,-s - K pi +Ci3

(2-12b)

Substituting Pj; and P,; into equations (2-7) and then multiplying both sides by J ; yield:

J1Fay(s) [Ul(s)] )[e.(s)]
a = A - 2-13
[eraz(s)] N, 5] BN 0,05 @13)

K, (A, + AOl)jl 0
where A(s) Cis+Kp and

0 Ky (A +Ap),
Cys+K,,
(A} + A(ZJl)jlzs 0
B(s) = Cis+K,

(A}, + A%, )J s

0

Comparing equations (2-9) and (2-13) gives

,(s) Ul(.f)] )[el(s)]
= - -14
nm[ez (s)] A(s)[U2 s) B(s 0,(s) (2-14)
or,
61(3) _ ~1 U [(5)
[92 (s)]—[H(s)+B(s)] A(s)[U2 (s)] (2-15)

The transfer function from the servovalve input, #;, to the joint angle, 6;, of a single link

mechanism is given by the diagonal components of equation (2-15) as follows:



Chapter 2 Hydraulic Manipulator’s Dynamics and Transfer Functions 17

6,(s) K.i(A; +Aoi);
e KAt Ag), = @16
Ui(s) HCis” +(JidiC; + KpiH)s™ + J{(diK i + A" + Agi*)s

From equation (2-16) it is easy to find the transfer function representing the relationship

between the servovalve input, u;, and the joint velocity, 6, of a single link:

56;(s) _ K. i(Ay +Ap);
- 2,72 = B vea 72 2 2 2-17)
U,-(S) H,‘,’C;S +(J,' diC,'+KpiHii)S+Ji (diKpi+AIi +A0i )

2.2.2 Force Analysis

Figure 2-3 shows the two-link manipulator in contact with the environment. f, is the
force on the end-effector imposed by the environment along the Cartesian x direction.
The environment is modeled as a second order mass-damper-spring system. The contact

force f, is govemned by the following s-domain equation:

F, =(m,s*+d, s+k,)X (2-18)

Assuming that link 1 is fixed at a certain angle of 6|, the s-domain transfer function from

the servovalve input voltage of link 2, «,, to the contact force, f,, is to be formed in the

following.
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Fig. 2-3 Two-link hydraulic manipulator in contact with environment.

According to equations (2-12), for link 2, P;, and Fp, are:

K, Uy =ApXss

Py, = 2-19a
r2 K, +Cys (2-19a)
_=KpU; +Aga X s
P02 N sz +C23 (2 lgb)

Neglecting the Coulomb friction term f_, in equation (2-7b) and transforming (2-7b) into

s-domain gives the effective actuating force as follows:

F.; = Fy2 =d,X,5= PpaApy — Poy Apy —d3 X s (2-20)

Substituting (2-19) into (2-20) yields:

_ KUy A1 X55)Ap  (CKWpUs + Ao X35)Agy
sz +C2$ KPZ +CzS

th "dezS (2-21)
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or

_ (A +Ag2)KpUs = (A}, + A53)X s

= - 2-
Fez sz +C2$ dez.f ( 22)

The actuating torque 7, is given in (2-7c) and is rewritten here as (2-23)

T,=F,J,6,) (2-23)

On the other hand, neglecting the nonlinear and coupling terms in (2-2b), the joint

displacement 6, is related to T7,, in s-domain, by the following equations:

T, = k0,52 (2-24a)
2
ky = '"23’2 (2-24b)

Equations (2-24a) and (2-24b) describe the free motion of link 2. In the case of
contacting with the environment, the contact force F,(s) has impact on the link dynamics.
Therefore, (2-24a) should be revised as

T, =Ty, = k,0,5? (2-25)

where T, is the external torque generated by F,. It is well known that {5]:

[T“]=[P“ P'z]r[p‘} 2-26)
T2¢ PZI P, 22 FJ'

Py ﬂzH—tlsinél-zzsin@wéz) ’Izsm(él*éz)]l:l,“ Plz]is

where J = - "l A . a
[le Py, I, cos@, +1,cos(8, +8,) Lcosd,+0,) [P Pn

called the Jacobian matrix. In the case presented here, since F, =0, therefore,

TZe = PIZFx (2'27)
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Considering small Cartesian displacement [Ax, Ay]? around the operating point

6. 61 ,itis known that
Ax] [P P |46, 2-28)
Ay le Pn Aaz

In the case that link 1 is fixed, A6, is equal to zero. Hence,

Ax = P,A8, (2-29)
By considering small changes at certain angle 9; , the following relation holds [1]:

Ax, = J,A8, (2-30)
In the remaining text, x, and 6, are used to represent small changes near the

corresponding reference point without the gradient, A. Then, equations (2-29) and (2-

30) can be re-presented as following:
x=P,6, (2-31)
x, = J,(6,)6; @-32)

Now;, all the equations to establish an s-domain transfer function between F, and U, are
found. The block diagram is first drawn in the following, then the transfer function is
derived from it. Using equations (2-18), (2-22) through (2-25), (2-27), (2-31) and (2-32),

the block diagram can be drawn in Fig. 2-4.
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From Fig. 2-4, it is not difficult to get the transfer function as following:

F_ J2PoKyy (Apy + Agy XM s* +d s + k)
Uy  (Kpy +Cas)lkys® +J3dys + By(mes® +d s +ko )+ T3(Ah + Ady)s

(2-33)
X2
5
J.
S X F,
M J2 kzsz 5P "{m,z,,,s2 +d . 5+k,
F, -

Fig. 2-4 Open loop block diagram of link 2 interacting with environment.

The successful establishment of the transfer function of (2-33) enables the application of

linear adaptive controllers using GPC and MVC algorithms.

2.3 MULTI-LINK ANALYSIS IN LAPLACE DOMAIN

In this section, a general equation describing the two-link manipulator in contact with the

environment is derived.
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2.3.1 Formulation in Cartesian Coordinates

The dynamic equations of the two-link manipulator in free motion shown by is rewritten

again:
jlll.al(s) {91(5)]
-~ = H 2'34
[J 2Fa2(5)] (s 0,(s) ( )

Considering the contact force f, and f, applied to the end-effector by the environment

along x and y directions, respectively (see Fig. 2-5), (2-34) should be modified as [5]

J1Fu(s) el(s)] ,[p,]
j =H 2-35
[Jz&z(s)] (S)[Gz(s) +y F, (2-35)

Fig. 2-5 Manipulator in contact with environment in both x and y directions.
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The relationship between the joint displacement and the Cartesian displacement is [5]:

e, X
e, =]J Y (2-36)
-1 Oll 0l2 . . . .
where J7 = 0. o.|%5 the inverse of the Jacobian matrix J. Here, [©,, 92]T and
21 22

[x, Y]T are used to represent small changes near the corresponding reference point

without the gradient, A.

Substituting equation (2-36) into (2-35) yields:

leal(s) _ -1 X] T F"] 2-3
[szaz(S):I-H(S)J [Y +J [F, 2-37)

On the other hand, according to equation (2-13) the following equation holds:

JFy ] Ulcs)]_ [el(s)] -
[szaz(s)]-A(s)[Uz(s) B(s) o. (s (2-38)

Recalling equation (2-36), equation (2-38) can be re-written as
JE 9] _ Ul] ) -.[X] ‘
[szaz (s)] - A(‘")[U2 B&I™| (2-39)

Comparing (2-37) with (2-39) yields the following:

X F, U X
H(s)J "[ Y]+ J T[ F ]-A(s)[U; ] -B(s)J™ [ Y:l (2-40)
y
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or

F
JT[ F’]+[n(s)+s(s)u-'[§]=A(s)[g'] (2-41)

y 2

Equation (2-41) is a general form equation governing the dynamics of the two-link

T
manipulator with an external force vector [F,, F y] exerted on its end-effector.

2.3.2 Cartesian Position Analysis

The s-domain transfer function of the manipulator in free motion in the Cartesian space
T

can be easily obtained by setting the external force vector [, F, | in equation (2-41) to

ZCro:

X
[ ) (2-42)

U 1 (€))
Y(s)

_ -1
] = J(H(s) +B(s)] A(-\‘)[U2 s)

Matrices J, H(s), B(s) and A(s) were previously defined in equations (2-26), (2-9) and (2-

13), respectively. Substituting them into equation (2-42),
X(s D, D,|U
e L
Y(s)| |Dy Dy lU,
]. -~ - -~
where D, = —{[(Hys+ J3d,)X(Cys+ K ,3) +(AY, + A2 21K, (A + Ao )\ By

-S(Cys+Kpy WK HyyJ\ (Ayy + APy}
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D, = %{[(H"s +J2d\XCys + K, + (AL + AZ)T2IK (A, + Agy)d By
—S(Cis+K K HpJ5(Apy + Aoy )R}
D, = %{[(szs +73d, XCys + K ,p) +(Ah + A%, 1K (An + Agy ) Py
~S(Cy5+K ) Ky Hy J\ (A + Aoy Py }
D, = —;—{[(Hus +J2d XCis + K, ) HAD + A3 )T IK (A + A0y, Py
—S(Cis+Kp, Ko HypJ5 (A +Ag;) Py }
D = s{(Hys + J2d XCys + Ky ) + (A} + A3TEN(Hops + T3d, XCos + K )

AR + AL F]=5 (Cis + Ky XCys + K Hip Hoy

Clearly, (2-43) is a 5th order system.

Equation (2-43) indicates that the above multivariable system is in the so-called P-
canonical form [13] which means that each process output is only affected by the various

inputs.
2.3.3 Cartesian Force Analysis

In the case that external forces are presented in both x and y directions, the transfer
function can be derived from equation (2-41). The following equation can be obtained

through the basic physics
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X E F,
v |=E) (2-44)
2 +; +k 0
where E(s)=| e’ T lef T e | , equation (2-41) can be further
0 m,}.s:Z +d, s+k,,
written as
Fy -1 Ty—1 U,
p = {HE +BEUES) + YA 2-45)
y U,

Substituting A(s), B(s), E(s), H(s) and J into (2-45) arrives at

[&} 1 K Tzlvl] (2-46)
F,|” N\N,—N,N; |5 T, U,

where

N, =[(H},0,, +H,,0,, *‘mapu)sz +(j12d10u +chn)S+kaPu](C15+Kp1)"'(A}l '*'431)-;120113

N3 =[(Hy1O13 + H;2023 +mey Py )s? +(J, 2d,0y, +d oy Py )5 +key Py W(Ci5+ K py )+ (A + A5 )T E Oy

N3 =((H3, 0y, + Hp Oy +m Py)s® +(J3d205, +d o P )s+ ko Pp N(Cas + K,0)+(Afr + A32)T3 0,5

Ny =[(HOp + Hp O +My Pry)s® +(J3d102 +d oy P )5+ k oy Py I(Cy5+ K ) + (Al + A3,)T 305

T, = N,(m_s* +d  s+k,)K.J (A, +Ag,)
T, =—Ny(m,s* +d_ s+ ko )K 2T 5 (Aps + Agy)
Ts = -Ns(mqsz +d,,s+ k,y)K,‘lfl(A“ + AOl)

T, = Ny(m,5° +d s+ ko YKia J2 (Ars + Agn)
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Clearly, (2-46) represents a 6th order system.

2.34 Cartesian Hybrid Position/Force Analysis

A common scenario that involves robotic force control is that force control is only
performed along certain directions, while along other directions position control is
required. Consider a two-link manipulator (see Fig. 2-6) which has two degree-of-
freedom, the manipulator may be required to perform a task such that along one direction

it is force controlled and along the other direction it is position controlled.

Fig. 2-6 Hybrid position/force control in two-link manipulator.

The end-effector applies a certain force along x-direction to the environment. At the same

time, it follows a specified trajectory along the y-direction on the environment surface.
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This section analyzes the system to find the s-domain transfer function relating the output

vector |F,, Y ]T to the input vector [U 1» Ua ]T.

F,
ma,s2 +d, s+k

To eliminate F, and X in (2-41), ket X = and F, =0. Substituting

them into (2-41) yields
FX
T Fy -1 2 Uy
| o [FHO+BOWT| m,s® +d s +ke [<AG) (2-47)
Y 2

which is equivalent to

1

1 ofF, i ofs. U
JT[O OI ¥y ]+[H(S) +B(S)]J 1 masz +d¢x3+kex Y ] = A(:)[U;] (2_48)
0 1

or

1
1 0 F, U
{JT[O 0]+[H(s)+n(s)1.l" m, s> +d, s+k,, 0 )[Y]=A(S)[Ul] (2-49)
0 1 2

Then it is easy to get

1

F, 10 U

[Y]={JT[O 0]+[H(s)+B(s)1J" m,s* +d_s+k,, 0 }"‘A(s)[U‘] (2-50)
0 1 2

Simplifying equation (2-50) arrives at

F, 1 vi U,
= —— (2-51)
yl WiW,-W,W;|V; V, U,

where



S T T P TR TR MR R AR i mE e Temme e o el e

Chapter 2 Hydraulic Manipulator's Dynamics and Transfer Functions 29

W, = [(H10y) + H204 + Mo Pyy)s? +(J2d,0y +d . Py)s+ko P NCis+ K,y )
+(A} + A} TR0, s

W, = [(H;\0p2 + H130)5° + J2d,015I(Cs + K ;) + (A, + A§)T Oyps

W; = [(Hy 0y + HyyOp +me Pp)s* +(J2d,0y) +d o Pp)s+ ko P J(Cos+ K )
+(Ah + A3,)T 30,5

W, = [(H10y3 + Hy02)s* + J3d,05051(Cas + K ) +(Afy + A§2)T 305

V, = Wy(ms* +d, s +k. )K,d\(Ap + Apy)

V, = ~Wy(m,s? +d,.s+k. )Kp T2 (Apy + Agy)

Vy = ~WsK,,J1(Ap + Ag))

Ve = WK, J5(Ap; + Agy)

Equation (2-51) suggests that the system is of 6th order.

24 SUMMARY

This chapter presented the dynamics of a two-link hydraulic manipulator in time domain.
The system was then analyzed in s-domain with results of successful derivations of various
transfer functions from system inputs to outputs. In a single link case, with the servovalve
input voltage as the input, the system can be shown as a third order system when the

angular displacement or the contact force is chosen to be system output. When both links
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are taken into account simultaneously, the process from the servovalve input voltage

vector [}, U] to the Cartesian coordinates of the end-effector [X, Y] is a fifth order

T
system. When the output is [F,, Fy] or |F,, Y]T, the system is of the order of six.

These transfer functions found will be used in Chapters 4 and § to facilitate adaptive
control of hydraulic manipulators using Generalized Predictive Control and Minimum

Variance Control algorithms.
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CHAPTER THREE

GENERALIZED PREDICTIVE AND
MINIMUM VARIANCE ADAPTIVE

CONTROLS

The last twenty years has witnessed a steady progress on the research of adaptive control.
One can easily find 2 number of books describing various aspects of adaptive control [14,
15]. Together with the availability of more and more powerful microcomputers, the
evolution of adaptive control techniques has led to a series of successful applications. In
this chapter, a review is given on two control algorithms and one estimation algorithm.
The two control algorithms are the Generalized Predictive Control (GPC) algorithm and
the Minimum Variance Control (MVC) algorithm. The estimation algorithm described in

this chapter is the popular Recursive Least Squares (RLS) technique.
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3.1 GENERALIZED PREDICTIVE CONTROL

ALGORITHM

Generalized Predictive Control (GPC ) algorithm, developed by Clarke, er al [10, 11],
predicts future outputs of a process for a sequence of future desired set points . A cost
function that depends on the future output error and future process input is minimized to
generate a set of optimized control increments. The method is known to be capable of

stable control of processes with variable parameters and dead-time [10].

3.1.1 Single-Input Single-Output System

GPC strategy exploits one particular kind of linear plant model, i.e., Controlled Auto-
Regressive Integrated Moving Average (CARIMA) model:

A(g ")y (0)=B(g ™ u(t—1) +§£AQ G-

where A(g™') and B(g™!) are polynomials in the backward shift operator ¢~':
A(g)=1+ag" +---+a, g™
B(g)=by+bg™ ++-+b g™

&(z) is an uncorrelated random sequence, and A=1—g™" is the differencing operator. u(t)

and y(z) are scalars representing the input and the output, respectively.
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Solving the Diophantine identity, which is,
1=E,(¢")A(gA+q 'Fi(q™) 3-2)

a j-step ahead prediction of y(f+/) up to time ¢, i.e., y(t+ j), is obtained

e+ D=Fi@a y+E (g™ HB@ HAue+ j-D+E (g Ee+ ) (3-3)

where E j(q-l) =1+eq! +e2q'2 +eeote j_lq“(j'l) and F j(q"l) =fo+fig '+ fzq"2
+-=+f, q ", which are both uniquely defined given A(g™") and the prediction interval j.
Note that the values of ¢;;—, ... ;) and fii—, ... n,) depend on the number of prediction

steps, j.

Further, the coefficients in E; and F; are computed recursively as:

Ein(@Y=Ejg)+q 7' f, (3-4a)

Fiy =qlF (g ")~ foA(gHA] (3-4b)
with initial condition:

E(g")=1 (3-4c)

Fi(q ") =qll- A(g™HA] (3-4d)

Since the disturbance consists only the unknown future values, the optimal predictor is:
¥+ )= Fg )y +G (g HAu(t+ j-1) (3-5a)

where
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G, (g =E;(a™)BG™). (3-5b)

Considering predictions at each of N steps into the future, the optimal predictor can also
be written in the key vector form:
y=Gu+f (3-6)
where vectors § =[§(z +1),5(z +2),---,5¢ + N)I",
u=[Au(s),Au(t +1),---,Au(t + N = 1)}’ and
f=[f(t+D),f(t+2),--, f+N)I".
Vector f is composed of signals which are known at time ¢. For example,
f+1)=[G,(g7")~ g,olAu(t) + Fy(1)

F(t+2)=qlG, (g ) ~q " g2 — 820 JAu(t) + Fy(1)

where Gi(q—l)= 8io +8nq-l+"'- note g, =g, == 8- OF for short, 8ii=8j. for
j=0,1,2,.--,< i, which is independent of the particular G polynomial. Therefore, G is a
lower-triangular of dimension N X N :

g6 O = 0

& 8 - O
G= :l :0 -
Bn-1 8n-2 ° 8o
A cost function is chosen:

N2 Nu
J(NLN2.Nu) = ECY [y(t+ )-w(t+ NP+ Y A)Au(t+ j-DPFY (G-
=N J=l
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where N1 is the minimum output horizon, N2 is the maximum output horizon, Nu is the
control horizon, A( j) is a control weighting sequence which is usually set to a constant of

A, y(t+j) is the output j-step ahead and w(z+;j} is the future set point.

Minimization of this equation yields the control increment vector:
Au=(GTG+AD1GT(w-1) (3-8)
The first element of vector Au is Au(t), then the current control input is:
u(t)=u(t-1)+ Au(t) (3-9)

GPC controller can be tuned by adjusting the values of parameters N1, N2, Nu and A( j).

N1 is the minimum output horizon. If the system has a time delay of k sampling periods,
then a control signal will not go into effect earlier. It is not necessary to bring the control
signal into consideration in equation (3-7) before it has impact on the system. Thus, in
order to save computation load, N1 is normally set to k. If k is not known or is varable,

then N1 can be set to 1 with no loss of stability.

N2 is the maximum output horizon. Both parameters Ni and N2 are used in equation
(3-6) in which the number of prediction steps j vary from N1 to N2 and then used in
calculating the control law (3-9). In other words, (N2—~ N1) is the number of the future
response errors that are to be minimized in the cost function. Generally speaking, the
system response is more stable if more future control increments are taken into

minimization.



B e S s

gy " r—— g & 2o 3

Chapter 3 Generalized Predictive and Minimum Variance Adapiive Controls 36

Nu is the control horizon. GPC technique assumes that after Nu<N2 number of time
steps, the control signal is held constant. Based on this assumption, the number of future
control increments to be calculated is reduced from (N2—N1) to Nu in order to reduce
the computational load when Nu is much smaller than N2- N1. In equation (3-8), G isa
( N2~ N1) X Nu matrix, (GTG+AI)is a Nux Nu matrix. The computation of inverting a
Nux Nu matrix involves solving Au. Usually, Nu is set to 1 for stable plants [10]. Plants
can have delay or can be non-minimum phase ones. If Nu=1, inverting a matrix is
reduced to finding the inverse of a scalar. A(j) is the control weighting sequence which

acts as a damping agent for the system.
3.1.2 Multiple-Input Multiple-Output System

The multiple-input multiple-output (MIMO) solution of a GPC algorithm [16] is basically
the same as the SISO case except that the plant model (3-1) should be modified as:
- - t
A@@ Hy()=B(q l)Il(t-l)'f--E% (3-10)
where y(z), u(s) and &(r) are now p-dimensional vectors denoting a p-input p-output

system. A(g”!) and B(g™') are p-dimensional matrices of which each element is a

polynomial in ¢~!.

Considering predictions at each of N steps into the future, the j-step ahead predictor is
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j=gu+f (3-11)
where § =[5,(t +1),:-, 7, (¢ +1), $;(2+2),+-, 5 (2 + N ) 1xpn

i = [An (2), -, A, (£ +1), Ang (¢ +1),-+, As, (¢t + N = 1)) 1xpw

£ =[fi(t+D)-, £, (e +1), £t +2)-, £, (2 4+ N ) xpn

G 0 o

e=| 2 T 7
Gy Gy Gy
where G ; is the jth step response coefficient matrix of the transfer function matrix, O is a

null matrix of dimensionpx p.

The cost function is

p N Nu
J=EQ Y (Dly ¢+ ND-we+ PP + 2 A(DAw (e + j-DPY  (3-12)

i=l j=1 j=l
1, je[N;.N5;]
where p,-(j)={0 Joth[ v eZ‘ } szax{Nu,sz,---.sz}. The control weighting

sequence 4; (j) is usually set to a constant, 4;.

Minimizing the cost function gives the following control signal,
M) =[I O --- O)g'g+A)"'g (w-f) (3-13)
where control weighting matrix A = diag{4,---A,-=-4;:-*4; },n xpn, - and set point vector

W =[w (2 +1), 0w, (¢ + 1), (£ +2), o w, (£ + N 1w
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3.2 MINIMUM VARIANCE CONTROL ALGORITHM

The well known Minimum Variance Control (MVC) algorithm has many existing
applications. In the field of robotics, Koivo et al [17] introduced an approach into the
motion control of manipulators. In 1990, Sepehri et al [7] applied MVC technique to the
motion control of hydraulically-actuated manipulators. MVC algorithm in references [17]

and [7] assumes an auto-regressive plant model of the form

A(g H)y(e)=B(g ™ ule =)+ h(2)+ () (3-14)
where A(g™!) and B(g™') are polynomials in the backward shift operator ¢':

Al )=1+aq '+ -+a,q ™

Blg )=k +bg  +~-+b,q ™
and &(t) is an uncorrelated random sequence, while A(z) here is a forcing term that

includes the effects of the gravitational forces. Note in the above model a dealy of 1

sampling period has been assumed.

The above model can altematively be rearranged to form the following relation

y(©) =67 ()9(e ~ D +E(2) (3-15)
where & (¢) isa parameter vector which is usually obtained by on-line estimation. Vector
¢(r—1) contains the information of system input and output up to time t-1, ie.,

F(1)=lay,a, By b, D], HE =D = [y =1, y(£=n,)a(t= 1)t —n,).1].
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A cost function is then chosen as

J = EQly(t+1)— y* (¢ + DIE, Hlu(e I } (3-16)
where llll; indicates the norm with weight R, i.e., lu2 =" Ru, and R is a positive semi-
definite symmetric matrix; Q is a positive definite symmetric weighting matrix. y(z+1) is
the optimal prediction of the system output at time r+1, which is calculated as following
based on the information up to time -1,

Fe+D) =6 (t-1)¢(z~1) G-17

The control which minimizes (3-16) is determined by

Ru(t) +b, 0[5t +1) - y? (¢ +1)]=0 (3-18)

3.3 RECURSIVE LEAST SQUARES ALGORITHM

In this thesis, the applications of GPC and MVC algorithms to the control of hydraulic
manipulators fall in the category called indirect adaptive control. This means the
parameters of plant model are to be first estimated on-line, then a control signal is
calculated based on the current plant model. Least squares method is a widely used
method for such estimation. For on-line applications, the recursive algorithm of least
squares (RLS) method has been developed as [18]

8(t) = Bt~ 1)+ L(t)[y(r) - & (t=1)®(1)] (3-19a)
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P(r-)®(r)
L()= 3-19b)
) A+ 0T (P -1D(r) ¢

_ T, Py
P(r)=[P(t-1) - RE=DOWN®_(OPE-D ;. (3-19¢)

A()+ T (DP(-1)O(r)
where & (2) is the parameter vector to be estimated, ®(r) is the regression vector which
is known, y(z) is the current scalar observation. The presentation of A(z) in equations (3-
19) allows the method to track the variation of the time varying properties of the system if
A(t) is chosen less than 1. This is handled in a natural way by assigning less weight to
older measurements that are no longer representatives for this system. Since equations (3-

19) are derived from the minimization of

N
1O =Y ¥y~ oT (6P (3-20)

r=1

If the A(z) is chosen to a constant equal to A<l1, thed is called the forgetting factor.

In digital implementation the RLS method given in equations (3-19) may not guarantee
positivity of the so called covariance matrix P(t) due to the unavoidable computer round-
off errors. This is because some important information may be lost between each
identification due to universal round-off errors specially for high sampling frequencies.
There exist two algorithms to recover from this problem and to ensure the positivity of

the covariance matrix:

a) Peterka's Square Root Algorithm

b) Bierman's U-D factorization method
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Bierman's U-D factorization method [19] is used in this thesis to update the covariance
matrix P(t) in such a way that P(t) can be uniquely factored as P=UDUT in which U' is an
upper triangular matrix and D' is a diagonal matrix. P(t) can then be updated by updating
U and D to ensure a stable numerical calculation and speed up the computational process.
Given a prior covariance P=UDUT, the scalar observation z=®T (k)8(k)+v(k) and
the mathematics expectation E[v(k)?>]=R, the Kalman gain K and the updated

covariance factors U and D can be obtained from the following algorithm:

£=0T0.£T =(f1--- f) (3-21a)
v =Df, vi=d;f;, Jj=l..n (3-21b)
d =dR/a;, a =R+vf (3-21c)
KT, =(v,0---0) (3-21d)

for j=2,...,n recursively cycle through equations:

al=al_1+ijj, JJ=Jlaj_l/aJ (3‘216)
ﬁ,=§j+/'l.jkj, A.j:"fj/aj_l (3-2lf)
Kj=kj+vi; (3-21g)

where U =i, --&,), U=(4 &), K=K,/ a,.
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It is well known that sufficient excitation is vitally important to a correct estimation. If the
control signal ceases to be general enough, the elements of P(t) stant to increase
exponentially with the rate of 1/ A(¢z). A technique called Regularization [18] is then
taken as a counter-measure. Regularization of U-D factorization method can be easily
incorporated as [18]

d; = min(c;,d;) (3-22)

where c; is a positive number that bounds d,, the element of D.

34 SUMMARY

o GPC algorithm is related to the linear quadratic control strategy in the sense that the
objective is to find value for »(f) which minimize a quadratic cost function. The
robustness of a generalized predictive controller is gained through minimizing a multi-
step cost function. The inherent integral action of GPC guarantees an off-set free
performance. However, the relationship between the desired performance and the

values of design parameters is not clear.

o Similar to a GPC algorithm, MVC also minimizes a quadratic cost function. There is
no integral property inside the algorithm. The algorithm has been extensively studied

and has been reported quite successful in many applications.



CHAPTER FOUR

POSITION CONTROL OF A TWO-LINK

HYDRAULIC MANIPULATOR

The highly nonlinear and time varying properties in a hydraulically actuated manipulator
requires special treatment to achieve good performance during a position control. This
chapter which consists of two parts is dedicated to the position control of hydraulic
manipulators. The first part studies a joint position control, where each link of a two-link
planar rigid hydraulic manipulator is viewed to be independent from the other. Both GPC
and MVC algorithms are examined. The second part is dedicated to multi-link position
control. In the case of two-link hydraulic manipulator, it means to control both links
simuitaneously by taking into account the interaction between links and, therefore, seeing
the manipulator as a whole single system, i.e., a two-input two-output multivariable

system. Only GPC algorithm is applied to this case.
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4.1 MANIPULATOR SPECIFICATIONS

As shown in Fig. 2-1, the manipulator used in the simulation in the thesis is a two-link
rigid planar robotic manipulator powered by two closed-center, constant-supply-pressure

hydraulic actuators. Table 4-1 lists the link and the actuator specifications.

Table 4-1 Link and actuator specifications

Link 1/ Actuator 1 Link 2/ Actuator 2
l,=10m l, =10m
m, =20kg m, =20kg
Center of Gravity at 0.5 m Center of Gravity at 0.5 m

6, e[ 33.26°, 1156°]
Ap =3.12x1073 m?
Agp =2.12x1073 m?

I, =022m
I, =0.80 m
K, =003ym’ / kg
w; =0.0l m

C, =2.2x10712 m3/N

8, €[ -125.0°, -35.00°]
Ayp =1.90x107% m?
Agy = 1.40x1073 m?
I, =0.75m
I, =0.20m

K, =0.03ym*/ kg
wy =0.0lm

C, =2.2x10712 m/N
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d; =8000.0 N -s/rad d, =8000.0 N -s/rad
P, =6204.6 kPa P, = 6204.6 kPa
x,; €[-5mm, Smm] X, €[-5mm, Smm]
P, =0.0 kPa P, =0.0kPa

A computer program in C code was written to simulate the control system. Non-
linearities such as interaction between links, gravity term, saturation of on variables, the

hydraulic system, erc., were incorporated.

4.2 SINGLE-LINK POSITION CONTROL

Adaptive position control using GPC and MVC algorithms is studied in the following, and

comparison is made between the two algorithms through computer simulations.

4.2.1 GPC Implementation

The control scheme of GPC implementation is shown in Fig. 4-1, which is in the category

of indirect adaptive control.

Referring to Fig. 4-1, 6; is the joint displacement of link i, u; is the control voltage. To

implement GPC strategy, it is required to model the hydraulic manipulator in the form of
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A(g78.(0) = B(g ™ u; (1) +e(0) 41
The degrees of A(g™') and B(g™") are to be found. The s-domain transfer function of
©; over U; was previously found in equation (2-16) which is re-written here again as
equation (4-2):

0,(s) KA +Agi)J;
= 3, .72 2., 72 2 2 (4-2)
U;’(S) H,-,-C,»s +(]i d,-C,- +KP;H,,’)S +J" (diKpl +A[,' + Ag; )s

I Process parameler

pes | _Esimaton )

GPC Hydraulic
Regulator Manipulator

Fig. 41 Single link GPC system; position control.

The z-transform of equation (4-2) with zero order holder is of the form

0,(2)  boz ' +byz 2 +by270
u(2) 1+a,z7" +a,-,,z°2 +a;527°

(4-3)

In other words, it is a third order system and the output in discrete time form is
Gi(t) = —a,—lﬂl-(t - 1) - a,-za,-(t - 2) —a,39,-(t - 3)

+bygu;(t ~ 1) + byu,(t — 2) + bou, (1 — 3) + h(1) 49
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Here h;(¢) is added as a forcing term to look after the nonlinear effects such as

gravitational force.

To find the best values for the coefficients of A(g~!) and B(g'), in the sense of
minimum squared errors, the RLS algorithm is used to perform the on-line estimation
based on the input-output data pairs, i.e., 4; —6; pairs. From (4-4) it is clear that seven

parameters are to be estimated.

The design block is to update polynomials of E(q™'), F(¢~') and G(q¢~') using
equations (3-4) and (3-5b). The control increment to be applied to the actuator at time ¢ is

calculated according to equation (3-8) and (3-9).

The RLS algorithm was a translation from Astrom’s PASCAL code [20]. In the computer
simulation, the input signal was the spool displacement of the hydraulic actuator of link 2
instead of the servovalve input voltage u,. Because the spool displacement was
proportional to u,, it did not change the order of the system but only added a constant
coefficient to the system transfer function, equation (4-2). The spool displacement was

within the range of [-Smm, 5Smm]. The sampling time T was chosen to be 0.001s.

If all the coefficients in equation (4-2) are known, the values of the parameters could be
obtained mathematically by taking a z-transformation of (4-2). As a matter of fact, in the

computer simulation case the parameters can be found easily as following given the
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operating point. In the computer simulation, link 1 and 2 were mitially set to 60 and -60
degrees, respectively. It was found that around the operating point (8, =60°, 8, = -60°)
the spool displacement was Omm, the supply line pressure was 22689 x10°Pa and the

return line pressure was 2.3020x10%Pa. Knowing these, all the parameters in equation

(4-2)can be calculated as listed in Table 4-2.

Table 4-2 Parameter values in s-domain transfer function

Parameters Values Source
Ap 1.90x1073 m? Table 4-1
Aoz 1.40x10~% m? Table 4-1
J, 0.19914 m/rad Equation (2-6)
K., 0.54176 m*/s Equation (2-10c)
K, 0.0 m*/N-s Equation (2-10c)
Hy 6.6667m -N-s?/ rad Equation (2-3)
&) 2.2x1072 m5N Table 4-1
d, 8000.0 N -s/rad Table 4-1

Using the parameters in Table 4-2, for link 2, equation (4-2) is re-written as:

0,(s) _ 26182x107*
U,(s) 12491x1077s+39468 x107'952 +1.4667 <1053

(4-5)

Taking a z-transformation of the above equation with a zero order holder gives us:
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©,(z) __00030z™' +00117z7% +00029z~°

= 46
U,(z) 1-29651z7' +29385772 -09734z73 @0)

or
a, =-2.9651, a, =2.9385, a, =-0.9734, b, =0.0030, b, =0.0117, b, =0.0029
(47

Here, for simplicity a,; and b,; are denoted as a; and b;, respectively.

The parameter values in (4-7) could have been used as initial values for the on-line
estimator. However, those values were only used later for the verification of the on-line
estimation. Instead, the initial values of them were assigned as:

al=0, a, =0, a3=0, b0=1, b[ =0' b2=0’ h=0 (4‘83)

There were two reasons that the initial values were set as in (4-8a): first, by doing so the
controller was given no prior information about the plant, therefore, the adaptability could
be well tested; secondly, in practice some parameter values listed in Table 4-1 may not be

available and, hence, the initial values could not be obtained by this method.

The design parameters of GPC include N,, N,, N, and A, which are called minimum
output horizon, maximum output horizon, control horizon and control weighting factor,
respectively. Further, as will be demonstrated, in order to achieve good results, the

control input value needs to be scaled by a factor called control relaxing factor, A,. 4, is

defined as Au; = 4, X Au;. For the on-line estimator, the forgetting factor 4, is also to be

tuned.
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The best step response was achieved, based on trial and error, using the following
parameter setting for link 2:

N =1, N;=40, N, =1, 4.=1000, 4, =0.4, A;=0.99 (4-8b)
Figure 4-2 shows the joint displacement and the control input results. The response was
fast, overshoot free and offset free despite the different scales of set-points. Fig. 4-3
shows the performance of the on-line estimator. The parameters converged after 1.8th
second and roughly remained constant. It is clear that the estimation was consistent with
the values obtained in (4-7). Before the model was correctly established at ¢ = 1.8second,
the response was oscillatory, which clearly showed how the on-line estimation helped the

control performance.

Tests were also carried out to study the effects that the design parameters might have on
the controller performance. Using (4-8) as the standard parameter setting, the tests were
carried out in such a way that only one parameter’s value was changed at a time. See
Table 4-3 for a summarized description. In the study, we assumed to have no knowledge

about the delay of the system, and, therefore, N, was simply set to 1.

To verify the robustness of the GPC controller, two more tests were done. The first one
was with load changing suddenly from Okg to 40kg at r =4second and changing back to

Okg at ¢ =8second. The second one was with the hydraulic compliance of the actuator

changing from 2.2x102 m%/ N to 4.4x10™"! m®/ N at ¢ = 4second and changing
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Table 4-3 Step responses with different system design parameter settings

Figure number | Parameter setting Remarks

Fig. 4-2/4-3 Standard (4-8) Fast response, no overshoot, no steady state
error

Fig. 44 N, changed to 20 | Smaller N, resulted in a faster response with

and then 80 overshoot while larger N, produced a sluggish

response

Fig. 4-5 N, changed to 4 Faster response with overshoot

Fig. 46 4. changed to 100 | Larger i. resulted in a response with overshoot

and then 20000 and oscillation

Ll 1. 2o A B U

Fig. 4-7 4, changed to 0.5 |Larger i, led to a stronger control action
and then 0.1 which may worse the response when the plant
model was not completely identified; smaller 4,
resulted in a response with overshoot and

oscillation

Fig. 4-8 A ; changed t0 0.95 | Smaller 4, made the parameter converge faster

and the response became more sensitive to error

again at ¢=8second to 1.1x107“ m>/ N. Figure 4-9 shows the result when the load
was changed. The controller rejected the load disturbance immediately, and it was

interesting to see that the response with the 40kg load was as good as the response
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W

[19]

without load. Similar observation can be made when the hydraulic compliance was

changed (see Fig. 4-10).
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Fig. 4-2 Joint displacement and control input with v, =1.

N,=40. N, =1. 4_=1000. i,=0.4, i ,=0.99.
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Fig. 4-5 Joint displacement response with N, = 4.
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Fig. 4-10 Joint displacement responses with varying hydraulic compliance.

GPC also demonstrated good capability to track a specified the trajectory. Figures 4-12
and 4-13 show the tracking errors and control signals for the ramp and the cosine set-
points shown in Fig. 4-11. respectively. Due to the inherent integral action of the
controller, there was no steady state error for the ramp in[;ut response. The parameter

settings were exactly the same as those in (4-8).

Tests were also carried out to see how well the GPC could perform when two links were
controlled simultaneously. Figure 4-14 shows the joint displacements of both links. The
design parameters and initial plant model parameters of link 2 were previously given in (4-

8). For link 1. the initial values of the plant model were:
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a;=0,a,=0,a3=0,4,=1,5,=0,b,=0, h=0 (4-93)
Here, for clarity a;, b;; and A, are denoted as a;, b; and A, respectively.

The design parameters of link 1 were:

Nl-l, N2-60. N"-l. &-3“)0, l,-O.4, lf-0.99 (4'9b)

Figure 4-15 indicates a good performance of the controllers for both links. The small
fluctuations during the steady state implies that the interaction between links did have

impact on the response.

Using the parameter setting given by (4-8) and (4-9), the manipulator was also
commanded to follow a square trajectory in the Cartesian space. The length of each side
of the square equaled to 0.5 meter. The initial position of the end point was 0.256m upper
and 0.342m left to the upper-left comer of the square. At the very beginning a step set-
point was given for each link so that the end point was controlled to reach the upper-left
corner of the square and stay there during the first two seconds. From 3rd second the
manipulator followed the trajectory and reached the lower-right comer at 12th second and
picked up a load of 40kg. Then it took another 10 seconds to move back to the upper-left

comer via the lower-left one.

With reference to Fig. 4-16, two points can be made regarding the end point response:
firstly, the deviation from the desired trajectory might be caused by the dynamic coupling
between the links; secondly, it is seen that the trajectory portion with 40kg load is better

than the part without load. This phenomenon is caused by high supply pressure, which has
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been determined so that it could handle heavy loads {7]. Figure 4-17 shows the joint

displacement of both links, and this concludes all the tests in this section.
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Fig. 4-11 Ramp and cosine tracking inputs.
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4.2.2 MVC Implementation

To be consistent with the previous work on this controller in references [7, 17], the
relationship between joint velocity 6; and servovalve input voltage u; is modeled instead
of modeling joint displacement between 6; and u;. Figure 4-18 shows the control

scheme.

Process parameter
=5 Estimation I‘—

04 u; é,

v
0, MVC Hydraulic
Regulator Manipulator >

L3

Fig. 4-18 Single link MVC system; position control.

The s-domain transfer function that represents the relationship between »; and 6; was

previously shown by equation (2-17) which is re-written here:

§9;(s) _ K.i(As +Agi)J;
= 2., 52 Ty 2 2 2 (4-10)
U,-(S) H,-,'C,'S +(J,‘ diCi+KpiHii)5+Ji (diKpi+Ali +A0l' )

Taking z-transform including zero order holder arrives at
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6;(2) _ bzt +byz 72

= (4-11)
u;(2) 1+ayz'+anz?
In other words, it is a second order system and the output in discrete time form is:
6.(¢) = -a;,6.(t ~ 1) —a,,6.(t — 2) + i, (t — 1) + byu;(t = 2) + h(2) (4-12)

Here h.(¢) is added as a forcing term to look after the nonlinear effects such as

gravitational force. Therefore, in this case, five parameters in total are to be estimated on-

line.

Together with equation (3-18), the control signal is determined by

u () = %{é},—(r+1)+a,-,é,.(:)+ai,é,.(t- D) =buu(t - - h()]  (4-13)
io” +0i0

*

where  b; is the value of b, at last sampling instant r-1;
05t +1) =6, +1)+c,[0;(t~1)~ 6,(t—D]/ T, in which the last term with weighting

factor ¢; is expected to correct the position error at time ¢-1. T is the sampling time.

Similar to the implementation of a GPC, the control signal was kept within the range of [-
5mm, Smm]. The sampling time 7=0.001s. Initially, link 1 and link 2 were set to 60 and -
60 degrees, respectively. Then, only link 2 was controlled during the simulation while
there was no control effort on link 1. The MVC controller has two parameters to be
tuned: ¢; which corrects the position error, and the relaxing factor A, which is defined as

u; =2, Xu;. Similar to GPC, the forgetting factor used in RLS estimator, 4, is also
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needed to be adjusted. The best performance was obtained with the following parameter
values:

¢=0.5, 4,=0.0003, 4 ,=0.98 (4-14a)
The inijtial values of the plant model were:

a,=0,a,=0,b,=1, b =0,h=0 (4-14b)

where for the purpose of simplicity, a,;, by and h, are denoted as a;, b; and h,

respectively.

Figure 4-19 shows the response with well-tuned gains. The response is very smooth
without any overshoot, however, as compared with Fig. 4-2, it is much more sluggish.
Fig. 4-20 shows the result of the test in which a load of 40kg is presented during 4th - 8th
second. The response is quite oscillatory. The effect of changing hydraulic compliance
was also tested, which is shown in Fig. 4-21. The results indicate that the MVC scheme is

not capable to adapt to the changes as good as GPC scheme.

Figures 4-22 and 4-23 show the tracking errors and the control signals pertaining to the
ramp and the cosine tracking shown in Fig. 4-11. The parameter settings were the same

as (4-14). Note the steady state errors observed in the ramp response.
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Fig. 4-19 Joint displacement and control input with ¢;=0.5. 4, =0.0003. 4 ,=0.98.
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Fig. 4-21 Joint displacement responses with varying hydraulic compliance.
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4.3 MULTI-LINK GENERALIZED PREDICTIVE

POSITION CONTROL

To better overcome the impact brought up by the interaction between links to the system
performance, the dynamic coupling should be properly modeled. Since the manipulator
has two degree-of-freedom, two variables are needed to determine the position of the
endpoint. In this thesis, a straight forward way has been chosen, i.e., using x an y in the
task coordinate as position variables. Although other studies suggest that there exist
altemnative choices of variables for endpoint control which could lead to superior
performance, such as using x and 6, in reference [21], adopting x and y has its own
advantages. For instance, it is easy to specify the trajectory, and the need of inverse-
kinematics-related computation is eliminated. Obviously, now the system has two inputs
u and u,, and two outputs x and y. In this chapter, MIMO GPC is applied to this

Cartesian-based position control approach.

The control scheme is drawn in Fig. 4-24. It is basically the same as the control scheme

for SISO GPC algorithm shown in Fig. 4-2 except that the data flow is in a vector form.

The successful establishment of the s-domain transfer function from {U,, U, L

[X, Y], equation (2-43), enables the application of MIMO-GPC algorithm to the

Cartesian motion control of a two-link manipulator.
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I Process parameter

-
[xg, ya 17 T
GPC [x, ¥1
Controller

Fig. 4-24 MIMO GPC system block diagram.

Taking a z-transformation of equation (2-43) with a zero order holder arrives at:

X@| [k K(2fUi(2)
[Y(z)]'[x3(z) K4(z)IUz(z)] (4-15)

-1 ) 3 - -5
bioz +by 2" bz +by 1327 +by42

where K, (2)= = = = =
1+auz 1 +alzz 2 +al3z 3 +al4z4 +alsz 5
K,(2)= bmz'l +b|212-2 +b1222.3 +b[237.-4 +b1242—s
2 = - - - o !
1“"“112 1 +0122 2 +al3z 3 +al4z—4 +alsz S
-1 -2 -3 ~4 -5
_ b0z 45y )T +by52 " +by)32 +by42

1-I~auz'l +a|2z"" +al3z”3 -i—amz'4 +a,5z

_ bzzoz-l +b2212—2 +b2222—3 +b2232_4 +b2242—5
K@= ., 2 -3 4 =
1+ay,27 +ayz " +anz ™ +axnz  +axz

From equation (4-15), the outputs in discrete time form can be written as following:

x(t) =—ay x(t = 1)=-—a,sx(t = 5) + by 114 (¢ = 1)+ ~+by 404 (1= 5)
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+By30lty (t = )+-+byy 4, (1 = 5) + by, (4-16a)
Y(‘) = -a21y(t - 1)_" _azsy(t" 5) +b21°u[ (t - 1)+“+b214ul (t“ 5)
+bypgity (1 — V--+bp ity t - 5) + B,  (4-16D)

Equation (4-16a) is herewith called Channel x and (4-16b) Channel y.

Two RLS estimators are needed to find the best parameter sets [a@,; --- a;5 by

bis by -+ by "I]a“d[“zl e Gys byg v byy bpy v by hz]in

equations (4-16a) and (4-16b), respectively.

The initial values of these parameters were set to:
Channelx: a;; =-=a;s =0, by =1, by =-=by4 =0, by =1, by ==by =0

Channel y: @) =--+=ay5 =0, byg =1,byy =+-=byyy =0, by =1,byy == by =0

The same trajectory tracking as in Fig. 4-18 was conducted to allow convincing
comparison. The design parameters of the controller were tuned to be:

Channel x: N =1, N, =27, N =1, i =1, i,=0.15, 4 ,=0.99

Channely: N,=1, N, =27, N,=1, i =1, 1,=0.15, i,=0.99

Figure 4-25 shows the excellent response of the end-point displacement. Joint
displacement of each link is plotted in Fig. 4-26. Compared with Fig. 4-16, the response
in Fig. 4-25 is much better, implying that the MIMO GPC strategy considerably eliminates

the effects imposed by dynamic coupling between the linkages.
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Fig. 425 End point response
(channel x: N,=1, N, =27, N =1, i_=1. 4,=0.15, 4 ,=0.99;
channely: N;=1, N,=27, N =1, i =1, 4,=0.15, i ,=0.99).
44 SUMMARY

In this chapter, the control performances of SISO GPC, SISO MVC and MIMO GPC
were examined and compared on a two-link hydraulic manipulator. First, the effects of
design parameters on the GPC performance have been studied. Second, the application of

MVC and MIMO GPC schemes on the same manipulator have been carried out.
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Although perfect response can be achieved by all the controllers, it is worth pointing out
their performance differences in various aspects. The comparison between GPC and

MVC can be summarized as below:

¢ GPC is more robust, while MVC can not adapt to load or hydraulic compliance
changes as efficiently as GPC can.

e GPC has more design parameters to be tuned than MVC does, which is usually
not preferred by engineers.

e GPC algorithm is computationally more expensive than MVC algorithm.

e Only position signal is required by the GPC, while the MVC strategy
investigated here requires an additional measurement or calculation of the

velocity.

The improvement of MIMO GPC over SISO GPC lies in the significant reduction of the
effect that the dynamic coupling on the system’s performance, though it is at the expense
of tremendous increase in the number of the parameters to be estimated. The overall
computation time was less because the G matrix to be manipulated was 54 by 54,
compared with two G matrices having to be calculated in SISO GPC case, one of which

was 60 by 60, the other 40 by 40.



CHAPTER FIVE

FORCE CONTROL OF A TWO-LINK

HYDRAULIC MANIPULATOR

In this chapter, force control of hydraulic manipulators using adaptive GPC and MVC
algorithms is addressed. This chapter consists of two parts. The first part discusses a
single link force control. Both GPC and MVC algorithms are examined and compared
through computer simulations. Second part discusses the multi-link force control case, in
which the dynamics of both links are simultaneously taken into account along with the

interaction with the environment,

5.1 SINGLE-LINK FORCE CONTROL
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5.1.1 GPC Implementation

The control scheme of GPC implementation is shown in Fig. 5-1. u is the servovalve

input voltage of the hydraulic actuator.

—L Process parameter

GPC | Hydraulic Manipulator
Controller and Environment

Fig. 5-1 Single link GPC system; force control.

The s-domain transfer function of the plant was found in equation (2-33). The z-transform

of it with a zero order holder is
Fo(D)  byz ' +byz2 +byyz™
U,(2) - Ezlz'l +ayz 2 -l:;;z's G-D
and the output in discrete time form is:
fr@®==ay f,(t-1)=ayf,(t-2)-ayf.(t-3)
+bygsty (1 — 1) + 52,05 (1 = 2) + byytty (2 = 3) + By (1) (5-2)

Here h,(2)is included as a forcing term to look after the effects of nonlinearity such as

gravitational force.
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The dynamics of the interaction between the end-effector and the environment has been
added to the C-coded program that was used in position control to simulate the dynamics
of the hydraulic actuators and the links of the manipulator. During the simulation only link
2 was controlled while link 1 was fixed at 70 degree. Dynamics of the environmental
interaction was assumed as a mass-damper-spring system depicted in Fig. 2-3 with
m,=0kg, d,=80N-s/m and k., =S000N/m. The spool displacement (control
signal) was kept within the range of [-Smm, Smm]. The sampling time 7 was chosen to

be 0.001s.

Referring to equation (5-2) seven parameters are to be estimated. The values of these
parameters were initially obtained mathematically by taking a z-transformation of (2-33)
and a knowledge of the value of its coefficients. As a matter of fact, in computer
simulation case the parameters can be found easily given the operating point. Through

computer simulation, the initial position of link 2 was -100 degree with link 1 fixed at 70
degree. It was found that around such an operating point (6, = 70°, 8, =-100°) the
spool displacement was Omm, the supply line pressure was 2.6962 x 10°Pa and the return

line pressure was 3.0140 x 10°Pa. Knowing these, all the parameters can be calculated as

in Table 5-1.

Using the values in Table 5-1, equation (2-33) is re-written as:
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F(s) _ 089006 +0.014241s

(5-3)

U,(s) 14467 x107115(15248 + 505885 + 5%)

Table 5-1 Parameter values in s-domain transfer function

Parameters Values Source
Ap 1.90x10~3 m? Table 4-1
Aoz 1.40x107% m? Table 4-1
A 0.19914 m/rad Equation (2-6)
P, 05m Equation (2-26)
L 0.54176 m*/s Equation (2-10c)
K, 0.0 m°/N-s Equation (2-10c)
k2 6.6667 kg - m> Equation (2-24b)
G 2.2x1072 m*/N Table 4-1
d, 8000.0 N -s/rad Table 4-1
m,_ 0.0 kg Simulation setup
d. 80.0 N-s/m Simulation setup
k.. 5000.0 N/m Simulation setup

Taking a z-transformation of the above equation including a zero order holder will lead to

the following relation:

F.(z) _ 487767 +32.458;7 — 46093z~

u,(z) 1-29419z7 +28983z72 —09564z7°
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Therefore,
a; =-2.9358, a, =2.8865, a; =-0.9507, b, = 48541, b, =31.439, b, =-457.74
(5-5)

Here, for simplicity a,; and b,; are denoted as a4, and 5, , respectively.

These values were only used later for the verification of the on-line estimation. The initial

values used during the simulation were assigned as:

a,=0,a,=0,a;=0,b,=1, b =0, b,=0, h=0 (5-6a)

The best performing step response was achieved with the following parameter setting for
link 2 ( see Fig. 5-2):

Ny=1, Ny =60, N =1, & =1, 4, =0.06, 1;=0.99 (5-6b)

Figure 5-3 shows the performance of the on-line estimator, which is consistent with the
values obtained in (5-5). The parameters converged after =1.1second and roughly
remained constant, due to the nonlinearities that could not be represented as a fixed-
parameter linear model. Before the model was correctly established, the response was
oscillatory, which clearly shows how the on-line estimation helped the controller

performance.

Using (5-6) as the standard parameter setting, tests were also carried out to study the

effects of the design parameters on the controller performance. Table 5-2 summarizes the
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findings. N,; was set to | because it was assumed that no knowledge about the delay of

the system was available.

Table 5-2 Step response with different system design parameter settings

Figure number | Parameter setting Remarks

Fig. 5-2/5-3 Standard (5-6) Fast response, no overshoot, no steady state
error.

Fig. 5-4 Standard (5-6) with | A little deteriorated response with slight

2.5 times bigger set- | overshoots.
point

Fig. 5-5 N, changedto 30 | Smaller N, resulted in a faster response with
overshoot.

Fig. 5-6 N, changedto 2 Faster response and larger error due to high
environment stiffness.

Fig. 5-7 4. changed to | Larger A, resuited in a response with overshoot

$x 10" and oscillation.

Fig. 5-8 4, changedt0 0.12 | Larger 4, led to strong control actions which
worsened the response while the plant model
was insufficiently modeled.

Fig. 5-9 4, changed t0 0.98 | Smaller 4, made the parameter converge faster

and the response more sensitive to error.
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GPC also demonstrated good capability to track a specified the trajectory. Figures 5-10
to 5-14 show the simulation results of ramp and cosine set-points. Due to the nherent
integral action of GPC, there was no steady state error observed for the ramp tracking

test.
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Fig. 5-4 Contact force and control input with large step set-points.
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Fig. 5-9 Contact force response with A5 =098.

Further, in order to verify the robustness of the GPC force controller, the simulation
started with the design parameter setting given in (5-6) and with m, =0kg,
d.,. =80N-s/mand k., =5000 N/m on the environment side. The stiffness of the
environment was then suddenly quadrupled to &, =20000 N/m at r=45second.
Referring to Fig. 5-15, it took the controller almost 1 second to stabilize the response. At
the ¢=8.5 second, the second environment parameter, i.e., the damping ratio, was

changed to d_. =20N-s/m. The change had no significant impact on the system

output.



Chapter 5 Force Control of A Two-link Hydraulic Manipulator

350
(

—— desired

Contact force (N)

Lh
(=}
T

(=]
L

0 5 10 15 20
Time (s}

350

300

&
o

Comtact force (N)

w
o
L]

Fig. 5-10 Ramp and cosine force tracking inputs.

33



Chapter 5 Force Control of A Two-link Hydraulic Manipulator

Force evror (N)

200

0 L
0 [
~200 : . ' :
0 5

Fig. 5-12 Control input pertaining to Figure 5-11.

-100
10 15 20 25
Time (s)
30
Z s
]
5 0 r"‘r—"_r—'
>
5-1s
% 5 10 15 20 25
Time (s)
Fig. 5-11 Force tracking error to a ramp input.
~ 5
£ 25
=1
@0 F r——
g
£-25
o
© _5 L Il e, . ]
0 5 10 (5 20 25
Time (s)
0.1
£ o0s
=
B 0
£ -0.05
“ ol . . )
0 5 10 I5 20 25
Time (s)

39



Chapter 5 Force Control of A Two-link Hydraulic Manipulator

90

200
g 100
S
5 o
bt
;'g’ -100
_Zm - 1 1 - s —t J
0 5 0 15 20 25
Time (s)
30
2 15
S
5 0 A
g
S -15
_30 1 n 1 i )
0 S 10 5 20 25
Time (s)
Fig. 5-13 Force tracking error to a cosine input.
5
1=
£ 25
=
._3? 0 ————r
=
=-25
[}
U _5 - 1 L L )
0 5 10 15 20 25
Time (s)
—~ 0.1
g
£ o005
& 0
=
= -0.05
S
-0.1 ! —L — : 1
0 5 10 15 20 25
Time (s)

Fig. 5-14 Control input pertaining to Figure 5-13.



Chapter 5 Force Control of A Two-link Hydraulic Manipulator 91

600

2

g
i1
B

Contact force (N)
(73]
S

-

8

Time (s)

Fig. 5-15 Contact force response with varying environment.

5.1.2 MVC Implementation

[n Chapter 4, the relationship between joint velocity 6. (time derivative of joint angle) and
the input control signal u; was modeled as a second order system. By using the transfer
function of 6; over ;. the order of the system was reduced from 3 to 2. With respect to

force control, equation (2-33) was used. This is due to two reasons. First, the derivative
of the force usually is not measurable; instead, it is obtained by calculation based on the
measured forces. In fact, the measurement of force itself is very noisy due to the hardware

limitations, which leads to inaccurate derivatives. Secondly, with reference to equation (2-

33). one can write the transfer function from , to f, as following:
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SFI JZPIZKAQ(AIZ +A02)(m¢.5' +d¢5+k ).f
UZ (K 2+C2$)[023 +J2d28 Pu(m S +d s+k )]+12(A[2+A02)S

(5-7)
which indicates that in the force control the order of the system can not be reduced by

using the transfer function from «, to f.-

Process parameter
% |
fxd u f
MvC Hydraulic Manipulator *
Controller and Environment et

Fig. 5-16 Single link MVC system; force control.

Figure 5-16 shows the control scheme. Recalling equation (3-18), together with (5-2), the
control signal is determined by

)= —ﬁ——z[f,d (+1)+ay f (W) +ay f,(e-1)

bao® +byo
= a3 [ (t —2) — by iy (¢ —1) = by (1 - 2) - Iy (1)] (5-8)

where b,y is the value of b, at last sampling instant ¢-1.
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According to equation (5-2) seven parameters were to be estimated. Their initial values
were set to:
a; =0, az"—'o, as =0, bo =l, b[ =0, b2=0, h-O (5‘93)

For the purpose of simplicity, a,; , by; and h, are denoted as a;, b; and h, respectively.

Figure 5-17 shows the best performing response that could be achieved. The design
parameters in this case were:

A,=0.01 and A,=0.99 (5-9b)
The response is smooth without any overshoot, however, compared with the response of
the GPC, shown in Fig. 5-2, it is more sluggish. Fig. 5-18 shows the response when the

set-point magnitude was increased 2.5 times.

Figures 5-19 to 5-22 show the simulation results of tracking trajectories, which can be

compared with those belonging to GPC scheme.

A similar robustness test, as in GPC implementation, was also performed on the minimum
variance force controller. The simulation started with the design parameter setting given
in (5-9) and with m, =0 kg, d, =80 N-s/mand k, =5000 N/m. At r=4.5 second,
k. suddenly changed to 20000 N/m, and at the ¢t=8.5 second, d, changed to
20 N-s/ m. Figure 5-23 shows the response. It is seen that minimum variance force
control scheme could not adapt to the changes in the environment as well as generalized

predictive force controller did.
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Fig. 5-23 Contact force response with varying environment stiffness.

5.2 MULTI-LINK GENERALIZED PREDICTIVE

FORCE CONTROL

This section examines the case in which both links of the two-link hydraulic manipulator
are simultaneously controlled using multiple-input multiple-output GPC algorithm. Two
situations are considered: one is that the end-effector is force controlled in two orthogonal
directions; the other one is when the force control is only required in one direction while

the other direction is position controlled.
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5.2.1 Cartesian Force Control

Figure 2-5 depicts the scenario that the end-effector is to be controlled in both x and y
directions. Figure 5-24 shows the block diagram of force control applied at the end-

effector of a two-link manipulator using a MIMO GPC scheme.

[fxds f)d]r L

GPC
Controller |

fee £, 17

Fig. 5-24 MIMO GPC system block diagram.

T
The s-domain transfer function relating [U » U 2]T to [Fx, Fyl was found in equation

(2-46). With a zero order holder, the z-transformation of equation (2-46) is:

F.(2) | K@ K (z)IuI (z)]
[F y (z)] - [Ka (2) K,(QJu,(z) (5-10)

where
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- -2 -3 -4 s -6
byoz” +by 277 +by,27 b3z +byy,27 +byy52

K[ (@)= = = ~
l+a,27 +apz 2 +a,327° +a, 27 +ayz” +aez™®
-1 -2 -3 4 -5 -6
1""1112“l +alzz-2 ""‘134"-_3 "’0143—4 +als7-_5 + 0162—6
-1 -2 -3 -4 i -6
K3 (@) = byio2 " +by) 12 " +byp2 " +b3132 +by1427 +by sz
1+a),27 +a)3272 +a1327> +ay 27 +a,577° +ayez™®
oz 4609127 +b0p2 ™ +byysz ™t +bypgz” +bypsz™
Ki(2) === R R —== —==—

1+0212-l +anz— +a23:-3 +024Z_4 "“1757-- +a26z-6

With A, and A, added as the terms to take care of nonlinear effects, the outputs in
discrete time form are:
fx()==a, fr(t=1)=-—a16f(t = 6) + by ou (t — L)+ —+by 514y (1 = 6)
+byyouy (8 — L1+ +hyasuy (1 - 6)+ Iy (1) (5-11a)
fy(B)==ay fy(t~1)—-—axf,(t—6) +byou; (¢ — 1)} +by 51 (t — 6)
+ Bygolty (£ = 1)+ -+byysuy (1 —6)+ by (2) (5-11b)

Equation (5-11a) is herewith called Channel x and (5-11b) Channel y.

Two RLS estimators are needed to find the parameter sets [@,;, - a)6 b0

bis biyp - by h‘l]and[aZI s Gy by v bys by v by hz]- In

the computer simulation, the initial values of these parameters were set to:

Channel x: a,; =--=a;4=0, bjjo =1, by =-=b5=0, by =1, by =-=b),s =0
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Channel y: @y =--=a26 =0. byg =1.byy =--=bys =0, by = L.byy =--=bps =0
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Fig. 5-25 Contact force responses along x and y directions
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On the environment side, m.,=m,=0kg, d,=d,=80N-s/m and

kee =k, =5000N/m.

To achieve the best response to step inputs along both axes, the design parameters of the

controller were tuned to be:

Channel x: N, =1, N, =17, N, =1, i =1, 4,=0.35, 4 ,=0.99

Channely: N,=1, N, =17, N =I. i_=1, 4,=0.35, 4 ,=0.99

Figure 5-25 shows the force responses along the x and y axis. There was large overshoot

at the beginning because no prior knowledge about the values of the plant model
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parameters was given. The overshoot can be avoided if some prior information was
incorporated into the controller. For instance, the initial values of the parameter could
have been obtained by off-line estimation. Figures 5-26 and 5-27 show the joint

displacement and the control signal, respectively.

Figure 5-28 shows the force response of another test with step and ramp set-points. At
t= 15second, the stiffness of the environment suddenly doubled to k, =10000 N/ m.
Again, generalized predictive force controller demonstrated its adaptability to stiffness

change. The control signal was shown in Fig. 5-29.

5.2.2 Hybrid Position/Force Control

This section involves the development of an algorithm capable of handling hybrid

position/force control tasks depicted in Fig. 2-6.

Suppose the implement of a two-link manipulator is commanded to apply a certain force
along x direction to the environment. At the same time, it is to travel along y direction on
the environment surface following a specified trajectory. Reference [3] suggested that the
force in x-direction, f,, and the position in y direction, y, could be controlled
independently since x and y are orthogonal, which made the hybrid force/position control
valid in theory. The idea is adopted in this thesis, and the adaptive MIMO GPC algorithm

is applied to perform the task.
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Fig. 5-30 shows the hybrid position/force control scheme using MIMO GPC algorithm.
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Fig. 5-30 Hybrid position/force MIMO GPC system.
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The s-domain transfer function was previously found in equation (2-51). With a zero

order holder, the z-transformation is similar to equation (5-10).

With A,(f) and A, (r) added as the terms to take care of nonlinear effects, the outputs in

discrete time form are therefor,
(@) ==a; f(t =1)—-—=a,6 f (t = 6) + by o1 (¢ = 1)+ —+by ; sit; (£ ~ 6)
+ by (8 — - +byasua (1 —6)+ by () (5-12a)
y(t)=-ay; y(t —1)~—-—ay5 y(t — 6) + by o) (t — 1)+ +by;5u) (1 ~ 6)

+ by (f — L=+ +byysita (t —6) + by (1) (5-12b)

The  parameter sets [a; -+ a6 by --bys by - bys k] and
[021 *e Gy b2[0 e b215 bzm e b225 hz] are to be estimated by two RLS

estimators respectively.
In the computer simulation, the initial values of these parameters were set to:

ay ==a15=0, byo=1, byy; =-=by5s=0, by =1, by =-=b,5 =0

ay ==y =0, by =1,by ==bys =0, bpg =1,byy ==byps =0

The sampling time was chosen to be 0.00ls and m, =0kg, d,, =0N-s/ mand

k.. =1x10* N/ m to model a stiff environment.
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In the simulation, the environment was placed along x=0.61116m while the end point
was initially placed at point x=081116m and y = 1.15846m, which generated an initial
force of 1500N due to the deformation of the environment. During the first 5 seconds, the
end point was set to stay at its initial position. It was then commanded to follow a pre-
specified trajectory along the y direction. Meanwhile, the manipulator was trying to keep

a constant force of 1500N against the surface of the environment along the x direction.

The best response was obtained by using the following parameter setting:
Channel x: N,=1, N, =17, N =1, i =1, 4,=0.3, i ,=0.999

Channely: N =1, N, =17, N =1, i =1, i,=0.3, i,=0.999

Figure 5-31 shows the force and position responses along the x and y axes, respectively.
The largest overshoot for the force occurred at the very beginning when the controller was
leaming the system’s dynamics. The response after this period was very good. The
contact force was kept at the desired 1500N with the maximum error of 20N or 1.33% of
the desired value (see Fig. 5-32). The position tracking along the y direction, shown in

Fig. 5-33, was also acceptable with the maximum error of only 1mm.
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5.3 SUMMARY

In this chapter, the performances of SISO-GP, SISO-MV and MIMO-GP force controllers
were carefully examined as they were applied to a two-link hydraulic manipulator. The
results demonstrate the strength and the weakness of each controller. SISO-GPC
outperformed SISO-MVC in the speed of response and, more importantly, in the
adaptability to the environmental changes. Regarding the comparison between SISO- and
MIMO-GPC’s, the introduction of MIMO-GPC algorithm to the force control did not
bring significant improvement to the system performance; however, MIMO-GPC did
considerably reduce the computational burden compared with the SISO-GPC algorithm.
The index of computational expense is the maximum output horizon N,. For each
channel of the MIMO GPC algorithm, set N, to 17 is enough to get an excellent
response. For SISO GPC controller, the best response was obtained after increasing N,
to 60. Computational expense is among the top problems that have to be addressed
before GPC algorithm can fully enter the practice in robotic control. However, there will
be a significant increment of the number of the parameters to be estimated on-line as the
number of linkages increases. Actually, for each channel, the number is roughly equal to
the order of the system multiplied by the number of the inputs. The situation for a 2-link
manipulator is still acceptable, but, for a general n-link manipulator with n being a larger
value, the large number of parameters to be identified may lead to inaccurate estimation

and therefore, unsatisfying system performance.



CHAPTER SIX

EXPERIMENTAL OBSERVATION

The chapter presents the verification of the adaptive control of hydraulic manipulators
using Generalized Predictive and Minimum Variance Control algorithms by means of
experimentation. The experiments were performed on a hydraulic actuator which has all
the nonlinear characteristics that a multi-link hydraulic manipulator possesses except for

the kinematics terms. Both position control and force control were experimented.

6.1 POSITION CONTROL

6.1.1 Experimental Setup

Figure 6-1 shows the test station on which all position control experiments have been
carried out. The test station consists of a hydraulic actuator unit, a micro-computer with

an analog/digital (A/D) conversion card, and a load. The hydraulic actuator unit has a
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pump, a servovalve and a cylinder. The pump is set to provide a constant operational
supply pressure of =7000kPa. The servovalve is a closed-center four-way valve. The
cylinder is fixed on a frame, and the load is attached to the actuator piston through steel
cables. The load could help or oppose the motion of the piston depending on whether it
extends or retracts. Three pressure transducers read supply pump pressure, supply line
pressure and return line pressure. The displacement of the cylinder piston is read by an
incremental transducer. The computer (66Hz CPU and 8M RAM) then compares the
digitized position signal with the set-point, and generates a control signal. The control
signal is converted to an analog signal by the A/D card, and is transmitted to the hydraulic

servovalve.

1- Servovalve 3- Supply Line Pressure Transducer 5- Incremental Encoder
2- Pump 4- Retum Line Pressure Transducer 6- Load

Fig. 6-1 Schematic of the experimental test station for position control.
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The servovalve operation is linear when the control signal is within [-1.8volt, 1.8volt].
Therefore, in the experiments the control signal is limited within this range to ensure
acceptable performance. The servovalve also has a dead-band of [-0.4volt, 0.4volt]. A

sampling time of 0.01 second was chosen for the experiments.

6.1.2 System Analysis

Figure 6-2 depicts the configuration of the hydraulic actuator with almost all variables

being defined before, except for m stands for the mass of the rod plus piston. m was

neglected in the previous chapters because it was far smaller than the link being actuated.

F,
Return
Input Signal
" u
Spool
b Torque Motor
Gl

* fa

Fig. 6-2 Hydraulic actuator in free motion.
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From Chapter 2 it is known that the linearized dynamics equation of a hydraulic actuator

in s-domain are:
Or=KU-K,P (6-1a)
Qo =K ,U+K,Fp (6-1b)
where K, = Kw

and P, =
,/2(1’ P,

The pipe dynamics equations in s-domain are:
Q, = CPIS+ AIXY (6'23)
QO = —CPos + AoXY (6‘2b)

Note it is assumed that C, =C, =C

Equating equations (6-1) and (6-2) to remove Q; and Q, arrives:

=t 6-3a)
Fi K, +Cs (
= 6-3b
Fo K, +Cs ©-35)
The actuating force is:

F,=PA - FA, (6-4)
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F, overcomes the viscous friction and the Coulomb friction, and moves the rod, the

piston and the load. Hence, F, can be expressed as:

F, = mXs? +dXs 6-5)

Substituting (6-3) into (6-4) and comparing the result with (6-5) gives:

X(s) _ K,(A +Ag) (6-6)
U(s) si(ms+d)(Cs+K,)+(A} +A3)]

and

V(s) Ky (A7 +49)

= 6-7
UGS) [(ms+dXCs+K,)+(Af +A3)] "

where V(s) represents the velocity of the actuator.

Equation (6-6) is a third order system, and its z-transform including a zero order holder is

in the form of:

X(@) bz +bz 7 +by”

= 6-8)
U@ l1+az " +ayz72 +a5z”> ¢
Therefore the discrete form of the output x(¢) is:
x(t) =—a;x(t - 1) —a,x(t —2) —a;x(t - 3)
+bou(t = 1) +bu(t — 2) +byu(t — 3) + h(t) 6-9)

Again, h(r) is added as a forcing term to look after the effects of unmodeled dynamics

such as loading. The above equation will be used for GPC algorithm.
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Equation (6-7) is a second order system, and its z-transform including a zero order holder

is in the form of:

V(@) bpz T +hyz?

= 6-10
U@ 1+az ' +ayz7 ©-10)
The discrete form of the output v(¢) can be written as:
v(t) = ~av(t— 1) —a,v(t —2) +bou(t —1) +bu(t — 2) + h(t) 6-11)

k(1) is added as a forcing term to look after the effects of unmodeled dynamics such as

loading. Equation (6-11) will be used for the MVC algorithm.

6.1.3 Results

6.1.3.1 GPC Implementation

Unlike the computer simulation study where no prior information of the values of the
plant model parameters was given to the controller, here, in order to avoid possible large
overshoots that could damage the equipment, the initial values of those parameters were
needed to be carefully assigned. The data could not be obtained by taking a z-
transformation of equation (6-6) because certain parameters were not accessible, such as
m and d. An off-line estimation was therefore performed by removing the feedback path
in Fig. 6-1 and, replacing the controller with a signal generator. Figure 6-3 shows the

block diagram for the off-line parameter estimation in which « is the control signal and x



Chapter 6 Experimental Observation 118

the displacement of the hydraulic actuator. The control input used for off-line estimation
is shown in Fig. 6-4. Also shown in Fig. 6-4 is the response of piston displacement to the
input. Figure 6-5 shows the off-line estimation results. The data obtained are:
a,=-2.3, a,=1.82, a;=-0.48, b,=0.00011, 5, =0.00025, b,~0.00018, 4 =0.0
(6-12)

These values were then used as initial values of those parameters when on-line estimation

was performed.
Estimation
u x
Signal Hydraulic .
Generator Actuator g

Fig. 6-3 Configuration of off-line estimation for the GPC system.

Additionally, to prevent the parameters from drifting when there was no sufficient
excitation in the control signal during the on-line estimation, the following procedures
were performed. First, when the control signal dropped into the dead-band with the range
[-0.4volt, 0.4volt], the estimation was simply switched off. Second, both the diagonal
matrix D and the upper triangular matrix U were bounded as follows :

the sum of elements in D was bounded within [10, 100],

the sum of elements in U was bounded within [0, 1.2].
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The values of the boundaries were initially chosen according to the off-line identification
and then were tuned experimentally, i.e., they were adjusted by observing the parameter

drifting during the experiments. According to L. Ljung [18], it would be sufficient to set

Coutrol signal (v)
o

-1 ——-‘— e
_2 4 N N L g
4] 0.5 1 1.5 2 25 3
Time (s)
0.2 ['
0.15F
= O1f
2
2
= 005+
g
=1
E.:
-0.05
-0.1 ) —~ . : . —
0 0.5 1 i.5 2 2.5 3
Time (s)

Fig. 6-4 Control input and piston displacement for off-line estimation.
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only lower boundaries. However, in the experiments, it was found that the upper
boundaries also affected the success of estimation. The sums of the eclements were
bounded instead of each element. This is because there were 7 elements in D and 42
elements in U and therefore it was difficult to set boundary for each element correctly.

Nevertheless, fairly good results were obtained by bounding the sums.

The system was tested first with step inputs. The best response was obtained with the

following parameter setting:

Ny=1, N;=22, N, =1, A, =0.005, A =1.0, A;=0.99 (6-13)

Figure 6-6 shows the response of piston displacement and the control signal. There was
an overshoot at the very beginning during the identification of proper values of
parameters. The response afterwards was excellent. It was fast, with no overshoot at all
and steady-state error free. From the control signal, the integrating action of the
controller in the dead-band area can be clearly seen. Fig. 6-7 shows the parameter
estimation without significant drifting. The supply pressure, which was supposed to keep

constant at 7000kPa, as well as the pressures of supply line and retumn line, P; and P,

are shown in Fig. 6-8.

Figure 6-9 shows the effect of varying N, on the response. When N, was increased to
32, the response became sluggish. When N, was decreased to 12, the response became

slightly oscillatory. These observations agree with the simulation results.
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Piston displacement (im)

-o.l L — y & L - J
10 20 30 40 50 60
Time (s)

Control signal (v)

Time (s)

Fig. 6-6 Piston displacement and control input with

N=1.N,=22. ¥ =1, 4.=0.005. 4,=1.0. 2 ,=0.99.
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Fig. 6-8 Supply pump pressure. supply and return line pressures pertaining to Fig. 6-6.
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Piston displacement (m)
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Fig. 6-9 Piston displacement response with N, =12.
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Fig. 6-10 Piston displacement response with N, = 4.
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Figure 6-10 shows the response when N, was increased to 4. The response is almost
identical to the result with N, = 1, which suggested that the system is not sensitive to this

parameter. N, = 1 is preferred since larger N, demands much more computational

expense.

Figure 6-11 shows the result of increasing A. ten times to 0.05. It means that in the cost
function more punishment was put on the control signal, which led to a less active control.
In fact, Fig. 6-11 shows a faster response with small overshoot because there was no

enough control to brake the movement of the piston.

Figure 6-12 shows the response of decreasing 4, from 1.0 to 0.2, which means only one
fifth of the computed control signal increment was actually applied to the valve. The
result is similar to the one shown in Fig. 6-11. Figure 6-13 shows the result of changing

Af 10 0.95 which was not much different from the one when A  was set 10 0.99.

With the parameter setting as (6-13), a load of 180 Ib was imposed on the hydraulic
actuator. In this experiment, when the piston was extending, the load helped making the
response faster; when the piston was retracting, the load tried to oppose the motion.
Figure 6-14 also shows the response of the first 20 seconds. Although there was a little
overshoot, the controller was still performing very well-the response was fast and accurate

with no steady-state error.
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Fig. 6-12 Piston displacement response with 4, =02.
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Piston displucement (m)

Fig. 6-13 Piston displacement response with 4, =0.95.

Further experiments were carried out for ramp and cosine tracking. The slopes for the
ramp input were *0.05m/s during the first 40 seconds and 10.25m/s during the next 8
seconds. The frequency of the cosine wave was initially set to 0.05Hz, and then was
changed to 0.25Hz. Figures 6-15 and 6-16 demonstrate the responses together with their

respective tracking errors.

6.1.3.2 MVC Implementation

For minimum variance controller. the velocity of the piston was calculated by taking the
derivative of the position signals. It was found that quite accurate velocity could be

obtained by using only two consecutive position signals. According to equation (6-12).
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Fig. 6-14 Piston displacement response with load presented.
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Fig. 6-15 Piston displacement and tracking error to a ramp input.
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Fig. 6-16 Piston displacement and tracking error to a cosine input.
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five parameters were to be estimated. First an off-line estimation was performed to find
initial values. Fig. 6-17 shows the block diagram for the off-linc parameter estimation in
which « is the control signal and x the velocity of the hydraulic actuator. The control
input used was the same as shown in Fig. 6-4. The following data were obtained:

a;=-1.167, a,=0.264, by= 0.00519, b, = 0.00703, h~=0.00237 (6-14)

The boundary conditions set for the diagonal matrix D and the upper triangular matrix U
were:
the sum of elements in D was bounded within [10, 18],

the sum of elements in U was bounded within [9, 100].
The best performing step input response was obtained with the following parameter

setting:

€1=0.5,, ~0.02, 4;=0.99 (6-15)

Estimation

_ u &
Generator Hydraulic o
Actuator

Fig. 6-17 Configuration of off-line estimation for the MVC system.
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Figure 6-18 shows the piston displacement, which is actually a little faster then the one
belonging to the generalized predictive controller (see Fig. 6-6). Due to presence of dead-
band in the valve, there was a steady-state error in the response. The controller generated
a non-zero signal during the steady-state, which was not enough to operate the
servovalve. Figure 6-19 shows the parameter estimation. The supply pressure, F;, input

and output line pressures, P; and P, , are also shown in Fig. 6-20.

With the parameter setting as in (6-15), a load of 180 Ib was applied to the hydraulic
actuator. The result is shown in Fig. 6-21. With the load, the response exhibits slight

oscillations which can also be observed from the control signal.

Additional experiments were carried out to test the system’s tracking ability to ramp and

cosine inputs. The set-points were exactly the same as the ones for GPC scheme.

Figures 6-22 and 6-23 show the responses with larger tracking errors as compared with

Figs. 6-15 and 6-16.
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Fig. 6-18 Piston displacement and control input with ¢=0.5.4,=0.02. 1 ,=0.99.
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Fig. 6-21 Piston displacement response with load presented.
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Fig. 6-22 Piston displacement and tracking error to a ramp input.
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6.2 FORCE CONTROL

6.2.1 Experimental Setup

1- Servovalve 3- Supply Line Pressure Transducer 5- Force Encoder
2- Pump 4- Return Line Pressure Transducer 6- Springs

Fig. 6-24 Schematic of the experimental test station for force control.

The experimental setup for force control was the same as that of the position control,
except that the load was replaced by a set of springs (see Fig. 6-24). The end of the piston
was commanded to push the springs with a desired force. Most of the experiments were
carried out with two springs used in tandem. The overall stiffness in this case was 3404

N/m. Several tests were also done with only one spring used, increasing the environment
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stiffness to 6940 N/m. Again, the servovalve had a dead-band of [-0.4volt, 0.4volt]. A

sampling time of 0.01 second was chosen for the experiments.

6.2.2 System Analysis

Py h [npu[ Sim
X - T u

Fig. 6-25 Hydraulic actuator in contact with environment.

Figure 6-25 shows the hydraulic actuator interacting with environment which is modeled

by a second order mass-damper-spring system.
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For the open-loop analysis of force control, equations (6-1) through (6-4) still hold, but

equation (6-5) should be modified since the actuator is no longer in free motion.

Considering the contact force f, (6-5) is revised as:

fo=f =mE+di

where f=mix+d x+k,

Writing equation (6-16) in s-domain yields:

F, - F = (ms* +ds)X

F=(ms*+d s+k)X

Substituting (6-17b) into (6-17a) gives:

F,=(m+m,)Xs* +(d +d,)Xs+k,

Substituting (6-3) into (6-4) and comparing the result with (6-18) arrives at:

X(s) _ Ku(A; +40)

UGs)  [(m, +m)s® +(d, +d)s+k,)(Cs+K,)+(A} + A3)s

Substituting (6-17b) into (6-19) gives the transfer function from « to f:

(6-16a)

(6-16b)

(6-17a)

(6-17b)

(6-18)

(6-19)
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F(s) K, (A; + A )(m,s* +d s+k,)

= 6-20
UG  [(m, +m)s® +(d, +d)s+k )(Cs+K,)+(AF + Ad)s ©6-20)

Equation (6-20) is a third order system, and its z-transform including a zero order holder

is in the form of:

-1 -2 -3
F(z) bz +bz " +byz ©6-21)

U@ 1+az77 +a,27% +a3z23

Therefore, the discrete form of the output A7) is:

f@==a,ft-D=-af(t—2)~a3f(t-3)

+bou(t = 1) +bu(t — 2) +byu(t — 3) + h(t) (6-22)

Again A(f) is added as a forcing term to look after the effects of other nonlinearities.

Equation (6-22) is used for both the GPC and the MVC algorithms for force control.

For the position control, different transfer functions, (6-6) and (6-7), were used for the
generalized predictive and the minimum variance controllers, respectively; for the force
control, however, transfer function (6-20) was used for both controllers. One reason was

that the signal of f could not be obtained directly and must be derived from the signal of

f. fis usually very noisy, leading to inaccurate f . Another reason was that using the



¥ TR

e 4 B A

Chapter 6 Experimental Observation 144

transfer function from u to f does not reduce the order of the system. In fact, the transfer

function from « to f can be easily written out from equation (6-20):

sF(s) K, (A;+Ap )(m,.s'z +d . s+k.)s
= 2 . Y (6-23)
u(s) [(m, +m)s®+(d, +d)s+k NCs+K,)+(Af + Aj)s
which is still a third order system.
6.2.3 Results

6.2.3.1 GPC Implementation

Two springs were used in tandem as the environment. The overall stiffness was equal to
3404 N/m. It was assumed that the piston was always keeping in touch with the
environment. To ensure this assumption, the rod end kept an initial force of 40 N against

the environment.

In order to avoid possible large overshoots that could easily overload the force sensor, the
initial values of the plant model parameters were needed to be assigned based on off-line
estimation. Equation (6-22) reveals that 7 parameters had to be estimated. Figure 6-26
shows the block diagram for the off-line parameter estimation in which u is the control
signal and f the contact force. The control input used for off-line estimation has already

been shown in Fig. 6-4. The initial values obtained were:
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a,=-1.350, a,=-0.0207, a,~0.369,

by=0.380, b, = -0.635, b, = 1.874, h=-0.0517 (6-24)

The limit values for the diagonal matrix D and the upper triangular matrix U were set to:

the sum of elements in D was bounded within [0.04, 1],

the sum of elements in U was bounded within {-1, 2].

i u
G::llegnr:tlor Hydraulic Actuator
and Environment

{lgﬂ

Fig. 6-26 Configuration of off-line estimation for force control.

The system was tested first for step inputs. The best response was found with the

following parameter setting:

Ny=1, N;=35, N =1, A, =0.1, 4, =0.2, 1,=0.99 (6-25)
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Figure 6-27 shows the response of contact force f and the control signal. During the first
5 seconds the contact force was stabilized at 40 N; then the force set-point was changed
to different levels. For this well-tuned result, there was no overshoot and no steady-state
error, and the response was quite fast. Fig. 6-28 shows the piston displacement. The
parameter estimation is shown in Fig. 6-29. The supply pressure and line pressures are

plotted in Fig. 6-30.

Figure 6-31 shows the effect of varying N, on the response. When N, was reduced to
22, the response became slightly oscillatory. Figure 6-32 shows the response when N,
was increased to 2. The small piston oscillation was amplified by the high stiffness,
resulting in large oscillation in the response of contact force. Figure 6-33 shows the result
of decreasing 4. to 0.001. The response became a little slower. Figure 6-34 shows the
result of increasing A, to 1.0. The force response result became slightly oscillatory.

Figure 6-35 shows the result of changing A, to 0.95 which is not much different from the

one when Af was set to 0.99.

The stiffness of the environment was then increased to 6940 N/m by removing one spring
from the system. The same step inputs as in Fig. 6-27 was used. The initial parameters
and the design parameters were also the same as the ones shown by (6-24) and (6-25),
respectively. Figure 6-36 shows the results. Despite the environmental stiffness change,

the overall response was quite good. The piston displacement is shown in Fig. 6-37.
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Fig. 6-27 Contact force and control input with

Ny=1. N,=35. N,=1. 4,=0.1. 1,=0.2. i ,=0.99.
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Fig. 6-28 Piston displacement pertaining to Figure 6-27.

Figures 6-38 and 6-39 show the system response to ramp and cosine inputs. The slopes
for the ramp input were * 16 N/s during the first 40 seconds and +80 m/s during the next
8 seconds. The frequency of the cosine wave was initially set to 0.05Hz and then was
changed to 0.25Hz. The experiments was performed with two springs used in tandem,
i.e., the environment stiffness was 3404 N/m. Both figures show that in the beginning the
response had large errors due to the inaccurate plant model parameters. The system
quickly adapted by identifying more accurate parameters. The responses afterwards were

getting better with much smaller tracking errors.
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Fig. 6-32 Contact force response with N, =2.
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Fig. 6-34 Contact force response with 4, = 10.



Chapter 6 Experimental Observation

250 i
<--s - desired
— ~— lambhda_f=0.99
——— lambda_{=0.95
200
z
o 150
(7]
8
g
c 100
(o]
Q
50
0 P L i J
0 5 10 15 20
Time (s)
Fig. 6-35 Contact force response with 4, =0.95.
250 ¢
----- desired
actual
200 - ,[.A‘
z ]
o 150+ i
(]
8
&
100}
(=]
Q
SOk
o 1 A e 1 I J
0 10 20 30 40 50 60
Time (s)
2 -
z
= ]
of)
% 0
e
51t
)
_2 I 2 . X N L
0 10 20 30 40 50 60
Time (s)

Fig. 6-36 Contact force and control input with increased environment stiffness.
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6.2.3.2 MVC Implementation

The discrete time output, equation (6-22), was used for minimum variance force
controller. The initial parameter values shown in (6-24) were used, and so did the

boundary conditions for matrices U and D listed in Section 6.2.3.1.

The best performing step response was obtained with the following parameter setting:

3, =0.03, A;=0.99 (6-26)

Figure 6-40 shows the response of contact force. Due to the dead-band in the hydraulic
valve, the response exhibits a steady-state error. The largest error was =11.5 N. Any
set-point change below this value may not be sufficient to activate the system. With

reference to Fig. 6-40 the system failed to respond to the set-point change of 10 N.
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Figure 6-41 shows the piston displacement, and Fig. 6-42 shows the parameter estimation.

The supply pressure and line pressures are shown in Fig. 6-43.
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Fig. 6-38 Contact force and force tracking error to a ramp input.



Chapter 6 Experimental Observation 136

250

Contact force (N)

0 1 k. "4 L —
0 10 20 30 40 50
Time (s)
0r
z
g
3y 0
5]
8
_.50 ' e L L L j
0 10 20 30 40 50

Time (s)

Fig. 6-39 Contact force and force tracking error to a cosine input.

In order to increase the stiffness of the environment, one spring was removed which left

the environmental stiffness changed to 6940 N/m. The system was tested with the same
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step inputs as in Fig. 6-40, the same mitial parameter setting shown in equation (6-25) and

the same design parameter shown in equation (6-27). See Fig. 6-44 for the result.
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Fig. 6-40 Contact force and control input with 4,=0.03, 1 ,~=0.99.
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Fig. 6-41 Piston displacement pertaining to Fig. 6-40.

Obviously, the contact force exhibits large overshoots in responding to certain set-point

changes, which can also be clearly seen from the piston displacement in Fig. 6-45.

Figures 6-46 and 6-47 show the system response to ramp and cosine tracking set-points.
The experiments have been done with the environmental stiffness of 3404 N/m. As is
seen, there were large tracking errors, reflecting the inferior force tracking ability of the

MVC controller.
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Fig. 6-42 Parameter estimation

pertaining to Fig. 6-40.
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Fig. 6-45 Piston displacement pertaining to Fig. 6-44.

6.3 SUMMARY

The experiments in both position and force control of hydraulic actuator demonstrated the
feasibility and potential of adaptive generalized predictive controller. The controller was
capable of precise control and quick adaptation to plant changes. Minimum variance
controller also achieved good control performance in both position and force control, but
it was inferior in adaptability, the ability to overcome dead-band in the servovalve and
tracking. During the course of the experiments, it was found that the on-line estimation
required special attention in order to prevent possible parameter shifting and to ensure the

numerical accuracy and stability.
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CHAPTER SEVEN

CONCLUSIONS

7.1 CONTRIBUTIONS OF THIS WORK

In this thesis, adaptive control of hydraulic manipulators using a generalized predictive
control (GPC) algorithm has been studied through computer simulation of a two-link
hydraulic manipulator as well as experimentation with a single hydraulic actuator. Proper
mathematical models were established for both single-input single-output (SISO) and
multi-input muliti-output (MIMO) force and/or position control. Detailed study of the
effects of design parameters was carried out. In particular, the adaptability of the
controllers were tested with varying load, hydraulic compliance and environment stiffness.

The results were also compared with those corresponding to a minimum variance control

(MVC) strategy.
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The application of an adaptive GPC algorithm to the control of hydraulic manipulators
was successful. Due to the nature of long range prediction of the plant output and the
inherent integral action of the controller, GPC algorithm proved to be reliabie at precise
control of both position and contact force even in the presence of actuator dead-band due
to joint friction and hydraulic flow dead-band. Moreover, GPC demonstrated an excellent
ability to quickly adapt to changes in load, hydraulic compliance, and environmental

characteristics.

During the course of this study, it was found that the well-known MVC algorithms could
also achieve good performance. However, comparing with GPC algorithms, minimum
variance controllers, (i) were less capable in adapting to dynamic changes in the plant, (ii)
failed in overcoming the actuator dead-band, and, (iif) were inferior in tracking specified
trajectories. On the other hand, the implementation of the generalized predictive
controller was found to be more computationally demanding than that of the minimum

variance controller.

Regarding the comparison between the application of SISO- and MIMO-GPC, the
computer simulation performed on a two-link hydraulic manipulator model revealed that
the MIMO-GPC algorithm significantly reduced the computational time while the system
performance was enhanced by having the interaction between links taken care of. On the
other hand, since the algorithm viewed the manipulator as a single system, the order of the

plant to be identified was increased, thus, the number of the parameters to be estimated.
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In practice, this may not be preferred because the estimation of a large number of

parameters is time demanding and may lead to inaccurate results.

7.2 RECOMMENDATIONS FOR FUTURE WORK

It is recommended that the future development of adaptive control of hydraulic
manipulator with emphasis on the GPC algorithm could be done along the following

directions:

1. Quantify the data obtained in this thesis, especially those related to the comparison
between GPC and MVC algorithms and those between SISO and MIMO GPC
algorithms to offer more convincing and accurate information. For instance, the
computational expense of each algorithm with similar performance specifications could
be quantified by either the number of arithmetic operations in CPU or the amount of
time consumed during each period of sampling period. Further, sensitivity analysis
could be performed to understand the effect of parameters on the linearized plant
model. Thus, the number of the parameters to be estimated may be reduced by

removing some insignificant parameters from the plant model.

2. Generalize the application of GPC algorithm to an n-link hydraulic manipulator.
Apparently, there would be no significant changes for SISO-GPC algorithm.
However, for MIMO GPC algorithm, to treat the n-link manipulator similar to the

treatment of a 2-link one, as was outlined in this thesis, is not the best choice. The
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number of the parameters, to be estimated on-line, can become unmanageable.

Alternative solutions need to be worked out.

3. The parallel algorithm of matrix manipulation could be incorporated to reduce the
computational time required by the controller. Having developed an efficient method,
there will be no major obstacle left for the GPC algorithm to fully enter the practice of

real-time control of fast plants such as hydraulic manipulators.
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