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Abstract

This paper investigates the problem of £;-disturbance attenuation for robot manipulator with model
uncertainty and input time delay. With the idea of shaping potential energy and the method
of pre-feedback, a delayed Hamiltonian system structure is obtained for both full actuated and
underactuated uncertain robot manipulator with time delay. Then the energy-based adaptive L.-
disturbance attenuation controller is obtained by applying Lyapunov functional method. There spell
out some sufficient conditions to guarantee the rationality and validity of the proposed control law.
Simulation of a two-link robot manipulator is presented to illustrate the effectiveness of the achieved
results in this paper.

Keywords: Hamiltonian system, robot manipulator, L,-disturbance attenuation, pre-feedback, time
delay.

1 Introduction

In recent years, robot technology has been drawn great attention in the field of high technology
and a large number of scientific achievements are gained every year (see, e.g., [Nicosia (1990);
Jiang (1997); Thrun (2000); Anguelov (2004); Kramer (2007); Siepmann (2014)] and the references
therein). The operated robot is active mechanism. Each of its degrees of freedom (DOF) has a single
drive. Manipulator system which stands for automatic control system with redundant, multivariate and
the nonlinear in essential, is also a complex dynamic coupling system. Owing to each control problem
of the system is equivalent to a dynamic problem, it is necessary to study the dynamic problem of the
robot manipulator (see, e.g., [Rodriguez (1991); Ge (1998); Sciavicco (2000); Piltan (2011)] and the
references therein). However, time delay can’t be avoided in robot manipulator control area. Many
factors, such as acquisition and transmission of the sensor signal, the calculation of the controller,
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actuation process of the actuator, can lead to time delay appears in the system. Time delay may
degrade the performance of system and lead to instability of the control system. Therefore, it is
necessary to evaluate the impact of time delay on robot manipulator active control. The problem
of robust force/position control for a robot manipulator had been investigated by using time-delay
control method in [Chang (1995)]. In [Hsia (1990)], decentralized linear time-invariant time-delayed
joint controllers were designed for robot manipulator control. Using time delay control with gradient
estimator, robust tracking of robot manipulator with nonlinear friction was studied in [Han (2010)]. In
addition, [Ailon (2004)] considered the stability problem of a flexible-joint robot in case time delays
are involved in the feedback loop.

In the past decades, energy-based control method has attracted considerable attention in the
analysis and synthesis of nonlinear systems (see, e.g., [Akmeliawati (2010); Fantoni (2000); Xin
(2007)] and the references therein). A key step in using energy-based control strategy is to express
the system under consideration as a dissipative Hamiltonian system. This kind of system was put
forward by [Maschke (1992)]. The Hamiltonian function of Hamiltonian system can be taken as
the sum of potential energy (excluding gravitational potential energy) and kinetic energy in physical
systems, and it also can be regarded as a well candidate of Lyapunov function. Recently, the
authors obtain some results on time delay Hamiltonian system (see, e.g., [Sun (2011, 2013)] and
the references therein). In [Sun (2013)], sufficient conditions are derived and £, feedback adaptive
control law is designed for the time delay Hamiltonian system to guarantee the asymptotically stability
and the £, performance.

Energy-based control method is used in [Wang (2008)] to study the robot adaptive control of
uncertain mechanical systems. Using the tool unified partial derivative operator (UPDO), an augment-
ed Hamiltonian structure is provided and an adaptive £,-disturbance attenuation controller is designed
for the mechanical systems. However, when delays inevitably appear, the augmented Hamiltonian
structure and the control results in [Wang (2008)] may lose control. In view of the above, this paper
extends the results of [Wang (2008)], which considers the £,-disturbance attenuation problem of n-
DOF uncertainty robot manipulator with time delay in feedback. In order to use the energy-based
control strategy, we firstly transform robot manipulator under consideration into delayed Hamiltonian
system for both fully actuated and underactuated cases. It is easy to see that the matching condition
in the underactated case is turned into a set of algebraic equations, which are much easier to cope
with than a set of partial differential equations (PDEs) [Ortega (2002)]. Then, we use the delayed
Hamiltonian system to study energy-based robust adaptive control design problem for the uncertain
robot manipulator system with time delays and a new adaptive £.-disturbance attenuation controller is
designed. Finally, a simulation is given out to validate that there are robust property, built-in capability
in handling disturbances and uncertainties of the systems under the designed controller in this paper.

The rest of the paper is organized as follows. Section 2 presents the problem formulation and
some preliminaries. In section 3, we study the augmented delayed Hamiltonian formulation for both
fully actuated and underactuated uncertain robot manipulator system with time delays. The analysis
of L,-disturbance attenuation of the delayed Hamiltonian system is presented in section 4. Section
5 illustrates the obtained results by a two-link robot manipulator example, which is followed by the
conclusions in section 6.

Notations: R is the set of real numbers; R™ denotes the n-dimensional Euclidean space and
R™™ is the real matrices with dimension m x n; || - || stands for either the Euclidean vector norm
or the induced matrix 2-norm. The notation X > 0 (respectively, X > 0) means that the matrix X is
positive semidefinite (respectively, X is positive definite). ® represents the Kronecker product. A™(-)
denotes the full rank left annihilator of matrix A(-), A*(-)A(-) = 0. F' denotes the pseudo-inverse of
F,ie,FF'TF=F.
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2 Problem Statement and Preliminaries

Consider the following n-DOF robot manipulator described by the Euler-Lagrange equation [Ortega
(2002)]
M(q)g+ C(q,4)q + G(q) = B(q)T (2.1)

where ¢ = [ q1,q2, -+, qn ]T € R" is the positive vector (the generalized coordinate), ¢ € R™ is
the velocity vector, = € R™ is the control torque vector, B(q) € R™*™ has full column rank (m < n),
M(q) € R™*™ is the inertia matrix, M (q) > 0, G(q) € R™ describes the potential forces and the matrix
C(q,q) € R™™™ describes the Coriolis and centripetal forces. M (q), C(q,¢) and G(q) are assumed
to have unknown constant parameters.

We consider the existence of several time delays in the input signals applied to the robot joints.
Leth = [h1,..., hn]", where h; > 0is the time delay involved in the i-th component of the input vector.
The delay input is denoted by 7(t — k) = [r1(t — h1),...,7.(t — hx)]". Thus, under the presence of
time delays and disturbances, the control model of the robot manipulator (2.1) can be rewritten as
follows

M(q)§+ Cla,d)q + G(q) = B(a)7(t —h) +w (2.2)

where w € R" is the external disturbance.

Assumption 2.1. The unknown part in G(q) depends linearly on a constant vector § € R™*!, i.e.,
there exists a matrix ®(q) € R™*! such that

G(q) = Go(q) + 2(q)0 (2.3)
where Go(q) € R™ is the separable known or nominal part of G(q).

Our aim in this paper is to investigate the L»-disturbance attenuation problem of the system (2.2)
under Hamiltonian systems framework. Thus, firstly, we should transform (2.2) into a time delayed
Hamiltonian system.

Under Asssumption 2.1, we consider a Hamiltonian function for the system (2.2)

. 1 - R
H(g,p,0) = K(a,p) + Py(a) + 5(0 = 0)'To(0 - 0) (24)
where ) )
K(q.p) = 50" M~ ()p = 50" M(a)q (2.5)
is the system’s kinetic energy,
1
Py(q) = 5(a— ") Mg — ¢°) (2.6)

is the so-called virtual potential energy, A € R"*™ and I'y € R™! are two constant positive definite
matrices; 6 is the estimate of 8, ¢° € R" is the target position which is to be designed, p € R" is the
generalized momenta.
Obviously, we have )
HHEDL) it gp = @7)
which means
p=M(q)q. (2.8)

The following lemma is necessary for Hamiltonian modelling of system (2.2).

Lemma 2.1. ([Wang (2008)]) Assume that A(x) € R"*"(x € R") is a function matrix, a, 3 € R™ are
constant vectors. Then,
d(a'A(z)B)
ox

=(In®a")(Tn -
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n—1 n
0A . o . . o
where %45 — Aa)® 2 andr, = H1 [ o (= 1)n+ ), G — Dn+ ), By (i — Dn+4), (G —
i=1 j>i

I)n+1) € R™**"* js obtained by swapping the ((i — 1)n + j)th row with the ((j — 1)n + ¢)th row of
the n® x n? identity matrix I,,>.

Using Lemma 2.1, we can get

M _1 T oM~ 0
90 5(In@p)(Tn 94 p+Ag—q). (2.9)
From system (2.2) with w = 0 and (2.8), the derivative of p along the time ¢ satisfies
p = M(q)q+ M(q)g
= M(q)q—C(q,9)d — G(q) + B(q)T(t — h). (2.10)

3 Delayed Hamiltonian Formulation

In this section, we consider the Hamiltonian formulation problem for system (2.2) in two cases, i.e.,
1) the system is fully actuated (m = n); 2) the system is underactuated (m < n). Without loss of
generality, we assume w = 0 in system (2.2).

3.1 Fully Actuated Case

In order to get a nice Hamiltonian structure for system (2.2), we design a pre-feedback law as follows
7(t—h) = B~ (q)[Go(q) + @(9)0 — Alg — ¢°) — Kpd(t — h)
. + 5®(q)0(t — h) — Kp1g] + u,
0 =—3T5"'@"(q)g — 375" (g)4(t — h),
e(t) = @(t)7 te [_ha 0}

where Kp, Kp1 € R"*"™ are both constant positive definite matrices to be determined, u is the new

control input.
From (2.7)-(3.1), we can get

(3.1)

0H(q,p,9)
q 0 I 0 1 dq
p = [ ~In Kec(q,p) —Kp1 3®(q)To™" %}w
X 1 15T
I 0 —3l0 @ (g) 0 i aH(q,Ap,é)
a0
OH (q(t — h),p(t — h),0(t — h))
[0 0 9q ]
o _Kp Lo(q)Ty? aH(q(t—h),pg—h),e(t—h))
L0 =37l 0 O (glt 1), plt — 1), 0t — 1)
L 90
[0
+ | B(q) ] u (3.2)
0
where -1
Ke(4,p) = M(q) — Cla, ) + 2 (1 @ PTYT. 2L _Dyary). (3.3)
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Since
o} 0A(x)

Oz ox
holds, we can prove that K.(¢,p) = 0 by using the properties of the Kronecker product. The details
of the proof can be found in [Wang (2008)]. Here, they are omitted for the sake of brevity.

Let
q
X = P c IR27L+Z7
0

then, system(2.2) (w = 0) can be transformed into the following delayed port-controlled Hamiltonian
system

A7 (@)] = —Tu(l, © A7 @) (00 22 A (@)

; OH (X (t OH(X(t—h
X = 700 = ROOVZEEO) 15, 00) - ry(x)) 2HEEZR) g, 64
X(t) = ¢(t)7 te [_hv O}

where ¢(t) is a continuous vector-valued initial function,

[0 I, 0

JX) = | I 0 320" |,
| 0 1Ty '®T(g) 0
[0 0 0

Jiu(X) = |0 0 3®@To™t |,
| 0 —1iD'@T(g) 0
[0 0 0

R(X) = 0 Kpi 0 | eRErHDx@ntDh
0 0 o0
[0 0 0

Ri(X) = 0 Kp 0 | eR@rHx@n+l)
0 0 0
[0

ge = B(q) | e R TOxm,
0

Obviously, J(X) = —J"(X), Ji(X) = —J{(X), R(X) > 0, Ri(X) > 0.
We may summarize the above analysis as follows.

Theorem 3.1. Consider fully-actuated robot system (2.2) with w = 0 and Assumption 2.1 holds.
With the Hamiltonian function (2.4) and the adaptive pre-feedback law (3.1), system (2.2) can be
transformed into a delayed Hamiltonian system described as (3.4).

3.2 Underactuated Case

In this case, B(q) is singular. In order to get a nice Hamiltonian structure, a suitable pre-feedback law

7(q,p,0,4,4(t — h),0(t — h)) should be designed for system (2.2) with w = 0 such that
B(Q)T(qapv 97 ‘17 q(t - h)7 é(t - h))
1 s . 1 o .
= Go(@) + 5®(@)0 — Mg — ¢°) = Kpd(t — h) + 52(@)0(t — h) — Kp1g

+B(Q)u(q7paé7Q7(j(t - h)aé(t - h’))7 (35)
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where Kp, Kp1 € R™*"™ are both constant positive define matrixes to be determined.
Due to B(q) is singular and has full column rank, = can only affect the terms in the range space
of B(q). Thus, if the following equation

B (@)[Go(a) + S 2(0) — Ala — ) ~ Kpi(t — h) + S®(@)0(t ~ h) ~ Kprd] = 0

holds, then the equation (3.5) will always holds for any choice of 7.
We may solve the equation (3.6) to obtain the solution group (A, Kp, Kp1) and then express the
polynomial

Gola) + 5@(a)0 — Alg — ¢°) —~ Kpi(t —h) + 2@(@)0(t —h) ~ Kpig

as follows
1 P . 1 s .
Gol(9) + 52(0)0 — Mg — ¢") = Kpd(t —h) + 5 ®(@)0(t — h) = Kprg
Z (4,1, 0,4, 4(t — 1), 6(t — h))avi(q) (3.6)
where ai(q,p,0,...,4(t—h),0(t—h)),i = 1,2,...,m are scalar functions; a1 (¢),. . .,am (¢) are column

vectors of B(q), i.e., B(q) = [ai1(q), - - ., am(q)].
Based on the above analysis, we can choose an adaptive pre-feedback law as follows
7(t —h) = 7(q,p,0,4,d(t — ), 0(t — h)) )
=la1(g,p,0,4,4(t = h),0(t = h)),...,am(q,p,0,q,4(t — h),
—305 10T (q)d — 315 @7 (9)4(t — h),
(t) = (t)7 € [-h,0]

where u is the new control input.
Thus, we have

D>

T

b=
ot

B(q)T = Go(q) + %‘I)(Q)é —Ag—q°) — Kpg(t —h) + %‘D(q)é(t —h) = Kpig+ B(q)u.  (3.8)

From (2.4)-(2.10) and (3.7), underactuated system (2.2) with w = 0 can be expressed the same
as (3.2).

Furthermore, we can also get K. = 0 and thus system (2.2) (w = 0) can be transformed into the
delayed Hamiltonian system described as (3.4).

Theorem 3.2. Consider underactuated robot system (2.2) with w = 0 and Assumption 2.1 holds.
With the Hamiltonian function (2.4) and the adaptive pre-feedback law (3.7), system (2.2) can be
transformed into a delayed Hamiltonian system described as (3.4).

From the above analysis, we can get that whether the robot system (2.2) is fully actuated or
underactuated, it has the same Hamiltonian formulation (3.4).

4 Energy-Based L,-Disturbance Attenuation

In this section, we will study energy-based robust adaptive control of uncertain robot manipulator
system (2.2) by using the obtained delayed Hamiltonian system formulation, and design an adaptive
Lo-disturbance attenuation controller for system (2.2).

Let

(4.1)
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where z € R? is the penalty signal, h(X) € R?*™ is the weighting matrix with full column rank.
According to Theorem 3.1 and Theorem 3.2 in section 3, under the following control law

7(t —h) = W(q,p, 0,4,G(t —h),0(t —h)) +u, whenm <n
7(t — k) = B (q)[Go(q) + 32(0)0 — A(g — ¢°) — Kpd(t — h)
. + 1®(q)0(t — h) — Kp1d] + u, whenm =n (4.2)
0= —115'®"(q)q — 375" @7 (g)d(t — h),
0(t) = o(t), t€[—h,0],
system (2.2) can be transformed into

X = (00) = RO PG+ (00 - RO L= gt g,
_ TOH(X) '
z = h(X)gcT

where g4 = [0 1,, 0]", X, J(X), R(X), J1(X), Ri(X), H(X), ge, Kp, Kp1 have the same definitions
as above,
W(q,p,0,d,4(t — h),0(t — h))
= lai(q,p,0,G,q(t —h),0(t —h)),...,am(q,p,0,q,4(t — h),0(t — h))]. (4.4)
The following Lemma is necessary for the analysis of L»-disturbance attenuation problem of
(4.3).

Lemma 4.1. [Cao (1998)] For any vectors a, b € R™ and a matrix M > 0 with compatible dimensions,
the following inequality holds
2a'b < a'Ma+b"M b, (4.5)

For a given disturbance attention level v > 0 and the penalty signal described as (4.1), we have
the following result.

Theorem 4.1. For a given disturbance attenuation level v > 0, if
1 T
R(X) = 3 50491 2 0 (4.56)

holds, then the L--disturbance attenuation problem of system (4.3) can be solved under the feedback
control law

1 OH(X)

u=—5{gllQ+(1(X) = R0)IQ (1(X) = RO)) T+ h(X)T(X)gl 522 (47)
and the ~-dissipation inequality is
T
Vo= m,0 + SIEN RGO - Ll 3g;X> < LRIl ~ J2l?)
where
V(X(t— h),t) = / aT QaHéX( D gs, (4.8)

Q is a positive definite matrix.

Proof. Substituting (4.7) into (4.3), we get the closed-loop system of (4.3),

(X) OH(X(t —h))
0X

X = (7(X) - R(x))? + (J1(X) = Bi(X))

LQ+ (1(X) ~ Ry (90 (1 ()~ R (X0 9o (XORCO)GT X+ guw,
z= h(X)gI 8H(X)

(4.9)
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Choose a Lyapunov functional described as (4.8) and computing the derivative of V(X (t—h), t) along
the trajectory of the closed-loop system (4.9), and based on Lemma 4.1, we have

V(X(t—h),t)
_ 9TH(X) 10"H(X) , 0H(X) 10"H(X(t—h)) OH(X(t—h))
= Tox Yt3ax Yax 2 ax 9 ax
T T _
= I ) - rxy 2B O )y o) A1)
OTH(X) OTH(X) 10TH(X(t—h)) , 0H(X(t — h))
TTax YUt Tax 9T oy 9T ax
19"H(X) 0H(X)
T2 ax Yax
ATH(X) dH(X)  10"H(X) 1
S Ty By 3 8X (1(X) = Ri(X)Q ' (1(X) — Ra(X))T
OH(X) 130"H(X(t—h)) 0H(X(t—h)) O H(X) 1
“Tox T2 ax Q® ox T ax ol gbl@
HX) — Ri))Q (A () = B () + T 0RC01 2EE) )
ATH(X) 10"H(X) , 0H(X) 10"H(X(t—h)) OH(X(t—h))
TTox 9T ax 9Tax 2 ax 9 ax
ATH(X) OH(X) 1 9"TH(X) OH(X)
S TTox PO T ax 9935 5
PPl = 12 ) — & w2 2B e (4.10)
therefore,
. T
VX =m0+ RO = 5 g P50
< SO NwlF =217 - 5w - 2 2E e
<SG lwl ~ 1= 1P, (@.11)

Since (4.6) holds, V(X (t — h),t) is a solution to the L»-disturbance attenuation of system (4.3). O

Based on Theorem 4.1, substituting (4.7) into (3.7), we can get a complete adaptive £--disturbance
attenuation controller for system (2.2) as follows
T(t - h) = W(qapy év (1’ q(t - h)7 é(t - h))
— gt (@Q+ [ — RQ M — Ra]") + AThgT ) 2HXD  hen m < n
7(t —h) = B (q)[Go(q) + 59(9)0 — A(g — ¢°) = Kpd(t — h) + 3@(q)0(t — h) — Kp1d]
— oM@+ [J1 — RIQ'[J1 — Ru]") + hThg]] Blgg(X)’ when m =n
b= 115" (q)q — 115 " (q)(t — h),
o(t) = (t), te[- hO]

(4.12)
where J1 = Jl(X),Rl = Rl(X)
Thus, we can gain the following result for system (2.2).

Theorem 4.2. Consider robot manipulator (2.2) and Assumption 2.1 holds. ¢° is the target point of
system (2.2). The solution group (A, Kp, Kp1) of the constraint equation (3.6) can be gotten when
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the system is underactuated. For the given ~, if R(X) — 2%2 gagh > 0 holds, then an adaptive L.-
disturbance attenuation controller can be designed as (4.12) for system (2.2).

5 Illlustrative Example

In this section, we give an example to show that 1) how to transform the robot manipulator with
time delay into delayed Hamiltonian system; and 2) how to design an energy-based adaptive L»-
disturbance attention controller for the delayed robot system under Hamiltonian system framework.

A planar two-link manipulator with two nodes in the vertical plane is considered as shown in
Figure 1, where we assume that the mass m,, of payload is unknown, m; and I, are the mass and
length of link 4, I.; is the distance from node ¢ — 1 to the center of mass of link 4, I; is the moment
of inertia of link 7 about an axis coming to page through the center of the mass of link 4, : = 1,2 [Ge
(1998)].

Figure 1: Planar two-link manipulator with payload.

We assume the existence of delay in the input signals,
M(q)i+C(g,4)g+Glg) =7(t —h) +w (5.1)

where ¢ = [q1,¢2]" € R? is the angular position vector, 7(t — k) = [11(t — h), 72(t — h)]" € R? is the
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control torque, w € R? is the disturbance.

M(g) = [ 1 + M2 + 2M3cosqe T2 + M3 CoS g2
vo= L M2 + M3 COoS g2 Mo )
Clq,q) = [ —Magesing:  —ms(q1 + G2)sings
44 ms3q15tngs 0 )
Glg) = [ Magcosqi +msgcos(qi + q2)
msg cos(q1 + q2) ’
m1 = mali +mali + L+ myls,
My = mall+ I+ myls,
m3 = malileca +mplila,
My = milea +mali +mpla,
ms = malea +mpla.

Due to the payload’s mass m, is unknown, we can see that M(q), C(q,q) and G(q) are not
exactly known. Next, we transform system (5.1) into a delayed Hamiltonian system according to
Theorem 3.1.

Let 6 := m,, which denotes the unknown parameter, then G(q) can be written as

G(q) = Go(q) + 2(q)0 (5.2)
where
(milea + mali)g cos g1 + malcag cos(qr + ¢2) (5.3)
malecag cos(q1 + ¢2) ’ -
_ | hgceos(qr) +lagcos(qa +a2) | _ | ¢1(a) (5.4)
lag cos(q1 + g2) ' ¢2(q) |- '
We consider ¢° = [¢?,¢3]" € R? as the target position of the system which is to be designed.
p = [p1,p2]" = M(q)¢, A = Diag{\, 2} > 0and 'y = Az > 0. Consider
. 1 - .
1 _ 1 To,
= ' M (op+5a—d")Ma—d")+ 5 (00 (5.5)
as the Hamiltonian function and
S 1 - .1
0= —3I5 e (@)q — 515" @ (@)d(t — h). (5.6)

The pre-feedback law can be designed as follows
7(t —h) = Go(q) + 39(0)0 — Mg — ¢°) — Kpd(t — h)
+ 1®(q)0(t — h) — Kp1g + u,
b= —115'07(q)q — 105 @7 (q)q(t — h),
o(t) = (t), € [=h,0]
where Kp = Diag{ka1, ka2} > 0, Kp1 = Diag{ka11, ka22} > 0.
According to Theorem 3.1, by the Hamiltonian function (5.5) and the pre-feedback law (5.7),
system (5.1) can be transformed into the following delayed Hamiltonian system
OH(X OH(X(t —h))
0X 0X

{ = J(x) - RCO)1ZEE) 41 (x0) - Riu(x))
X(t) = ¢(t), t€ [~h,0)

+ geu + gaw, (5.8)

10
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where
X = [Q1,Q2,p1,p2,é ]T€R5,
[0 0 1 0 0
0 0 0 1 0
JX) = | -1 0 o0 0 RD
0 -1 0 0 2
[0 0 -5 5w o
[0 0 0 0 0
00 0 0 0
nx) = |00 o0 0 K|
00 0 0 2w
[0 0 50 50
[0 0 0 0 0
00 0 0 0
RX) = |0 0 ka 0 0],
00 0 ka2 O
L0000 0 0 0
00 0 0 0
00 0 0 0
Ri(X) = 0 0 Ekan 0 01,
00 0 ‘ka O
00 0 0 0
0 0
0 0
ge = ga=|1 0
0 1
0 0

Obviously, J(X) = —J"(X), J1(X) = —JT(X), R(X) > 0, R1(X) > 0.
Furthermore, let 2 > max{kar, ka2}, then R(z) — 53gagq > 0 holds. Thus, an energy-based

adaptive L,-disturbance attention controller of system (5.1) can be achieved according to Theorem
4.1 as follows

7(t —h) = Golg) + $@(¢)0 — A(q — ¢°) — Kpi(t — h) + 10(q)
. ~3gh@ + [A(X) — B(X)Q A (X) — Ra(X)]T) +
0=—1ry"07(q)q — 105 @7 (q)q(t — h),

0 o(t), te[=h,0]

0(t —h) — Kp1g
)+

oH
OO 6

~
~

=
Il

71(t — h) = (male2) + mal1)g cos qu + maleag cos(qr +g2) — M(qr — gf)
— ka1161 — ka1da(t — h) + 261(0)0 + 361()0(t —
72(t — h) = maleag cos(q + g2) — A2(g2 — @3) — ka22G2 — kazda(t — h) (5.10)
. + 502(9)0 + 502(q)0(t — h), '
0 =—3T5"'@"(q)g — 37527 (q)4(t — h),
0(t) = o(t), t€[-h,0].
In order to show the effectiveness of the controller (5.10), simulation is investigated for system
(5.1) whose physical parameters are the same as those in [Ge (1998)]. We consider X, = [2.0,1.0,0,0]"
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as the initial point of system (5.1). Square disturbances of amplitude of [8, 6]" are added to the system
during the time 1.0s — 1.5s.

Figures 2~6 are the responses of the system with the time delay h = 0.5s and the above
disturbances. Figures 2 and 3 show the convergences of position ¢ and velocity g, respectively;
Figures 4 and 5 depict the control signals = used here and the estimate 0 of the payload m,,
respectively; Figure 6 shows the new feedback control law « with the time delay » = 0.5s. From
the figures, we can draw the conclusions that the energy-based robust adaptive controller (5.10)
is effective for the control of positions, and for dealing with both unknown parameters and external
disturbances. Furthermore, the well convergence of the controller 7 and feedback control law « can
give us an evidence that it is effective for the control of the delayed robot manipulator (2.2).

6 Conclusions

In this paper, we have proposed an energy-based approach for £»-disturbance attenuation control of
uncertain robot manipulator in the presence of time delay. A new delayed Hamiltonian formulation has
been given out both in the condition of fully actuated and underactuated uncertain robot manipulator
with time delay. Based on the obtained delayed Hamiltonian formulation, an energy-based adaptive
Lo-disturbance attenuation controller has been proposed for the system. Simulation has shown the
effectiveness of the controller in handing disturbance and unknown parameters in delayed robot
manipulator. It is noteworthy for further study that the proposed energy-based control method for
robot manipulator with time delay can be used in other robot dynamics in the presence of delay.
However, the crucial question depends on the suitable delayed Hamiltonian formulation of a robot
system.
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