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Té6m tit. He phi tuyén Euler-Lagrange c6 dong thai tham sé bat dinh va nhiéu dau vao (ENUI) la
mo hinh clia rat nhidu cac thiét bi cong nghiép trong thuyc té nhu tay méy robot, hé cd khi Tora, hé
co dién t Lavitat v.v. Cac cong trinh nghién ctu trude day chii yéu tap trung cho cac bai toan dicu
khién 6n dinh hé v6i gid thiét chi xét dén tham sé bat dinh hodc chi xét dén nhiéu dau vao. Trong
cac tai lieu [1], [2] va [3] ching t6i dA gi6i thieu mot phuong phap diéu khién bam quy dao thich nghi
méi, phuong phép diéu khién nay vita c6 kha nang bt dude su 4nh hudng ctia tham sé bat dinh va ¢
khé nang gidm thiéu duge sy 4nh hudng cia nhidu dau vao len he. Mat khac véi phuong phap diéu
khién dé, sai lech bam qui dao sé dugce diéu khién hoi tu vé mot mién hap dén sai léch bam nhé tity
¥ quanh gbc toa do. Trong bai bao nay ching toi tiép tuc cai tién cach Iya chon tham sb6 dé cé thé
thay déi duge thoi gian qué do clia sai lech bam qui dao, qua dé ching ta cé thé didu chinh dugc
mot cach doc lap mién hap dan ciia sai lech bam va thdi gian qua do trong bai toan diéu khién 6n
dinh theo sai 1éch bam quy dao cho hé ENUI.

Tt khéa. Hé phi tuyén, diéu khién thich nghi, didu khién bam quj dao,6n dinh ISS, khang nhiéu.

Abstract. The Euler-Lagrange nonlinear system with both uncertain parameters and input noises(ENUT)
is a common model of many plants in practice as, robot manipulators, mechanical Tora systems, Lav-
itat mechanical systems, etc. The previous studies are most oriented to control problems for separate
cases: parameters uncertainty or input noises. In papers [1, 2, 3] we introduced a new adaptive tracking
control method based on disturbance attenuation and ISS stabilization of ENUI. This both methods
compensate the uncertain parameters and eliminate the effect of noise on the inputs of systems. The
advantage of this adaptive tracking control is the ability to converge the tracking error to be arbi-
trary sufficiently small around the neighbourhood of the origin. In this paper, we continue to present
a parameter modifying method of an adaptive tracking controller to get an optional transient time.
With this modification, we can adjust independently the dimension of tracking errors attractor and

the transient time.

Key words. Nonlinear systems, adaptive control, tracking control, ISS stabilization, disturbance
attenuation.

1. INTRODUCTION

Consider the following dynamic model of ENUI given by
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M(q,0)4+ g(q,4,0) = u+n(t) (1)

where ¢ = (q1, q2, ..., )T, (u = (u1,us,...,u,)T) are output and input vectors, respectively;
0 = (61,02, ...,0,)T represents time invariant uncertain parameter vector; n(t) € R™ denotes
the input noise vector; M(q,0) € R™™ is a positive definite symmetric function matrix
depending on ¢ and 6; vector ¢(g¢,§,8) € R™ is dependent on vector g, § and 6. For system (1),

the given matrices have the following properties:
Property 1: M(q,0) € R"*" is symmetric and positive definite

Property 2: Model (1) with vector of uncertain constant parameters  can be written as [4]

M(q,0)q + g(q,4,0) = Do(q, 4, 4) + D1(g, 4, )0. (2)

In the case if the system is unaffected by input noises n(t) =0, M(q,0)§+ g(q,4,0) = u,
then the controller introduced in [4, 5, 6]

u= M(dw/dt® + Kie + Kyde/dt) + g 3)

is utilized, where K7, Ko are two positive definite symmetric matrices optionally; M, /é are

the brief notations of M = M/(q,p), E = Q(g, q,p); w is desired trajectory vector; e = w — ¢
is tracking error vector; p(t) is an estimation parameter vector for unknown the parameter
vector 6; received from adjustment mechanisms

dp/dt = QUM Dy)7(©, 1) Plede/dt)! (1)

with any positive definite symmetric matrix (Q and positive definite root P of the Lyapunov
equation

ATP+ PA=-Q (5)

© I
-K1 —Kj
dimension, which are only used for the case of the assumption 7(t) = 0.

where A = ( ) and © is the zero matrix, I is the identity matrix of the same

In the presence of input noise 7(t) # 0, the controller introduced in the paper [5] can drive
the tracking errors to a neighbourhood of the origin defined with the quite large radius

r =14 p;[B1 + 28062 + Bacv/pa + piz) > 1. (6)

However the controller can be only used under the following assumptions

~—1
pyt <M < piS TS L D=MT'M 1 ||8]l < Bo+Billell+Bellel®; s =g—g (7)

where p1, pa2, Bo, 51, B2, ¢ are positive constants w.r.t. the estimation M, E for M, g.
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Using ISS(input stable to state) theory, we introduced a new adaptive tracking control
method based on disturbance attenuation and ISS stabilization of ENUI in [1-3]. In this
paper, we propose a parameter modification of the earlier developed controller to get a smaller
transient time. With this modification, we can adjust independently the dimension of the
tracking errors attractor and the transient time of the closed system. The advantage of this
method is that the tracking error can converge smoothly to an arbitrary sufficiently small
neighbourhood of the origin in optional transient time. In the second section, we introduce an
algorithm for adaptive tracking control designing ENUL and present a modification to get an
optional transient time. Finally, an example is given to illustrate the proposed algorithm. The
paper ends with some conclusions.

2. ADAPTIVE TRACKING CONTROL BASED ON DISTURBANCE
ATTENUATION AND ISS STABILIZATION FOR ENUI

We replace the uncertain parameter vector § in M, g by an optional estimative constant

vector p. Sufficient small E = 0 — p is not required, which means that it does not need to
be bounded by the conditions (7) as in [5]. From (3), let us supplement an external signal
v(t), which will be used later to compensate the noise. From [5] we have the structure of the

tracking controller as

u = M(d*w/d* + Kre + Kyde/dt) + g +v(t). (8)

Substitute the controller (8) into (1), we have

—~

M(q,p)(d*w/dt* + Kie + Kade/dt) + g(q.4,p) +v(t) +n(t). (9)

M(q,0)q+ g(q,4,0)

Setting e = w — ¢, w = e + ¢, the equation (9) becomes

Mg 0+ gl 0) = Mgp) (Ll + TL L et 1, :
4,9)9 +9\4,4,%) = 4P dt2 dt2 1€ th = A

—~ —~ ~ d’e
= (M(g,0) = M(g: )i +9(a,4.0) = 9(g,4:p) = M(g, p) (5 + Kie+ Kz ) +u(t) +1(t)
or briefly in short
~ ~ = d% de
(M = M)g+g—g =Mz + Kiet Ko ) +u(t) +n(t).

With this controller, the closed system describes the following tracking error dynamic
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d*e de, —-1 .. ~
@‘FK&‘FKZ%):M (M_M)Q"'(Q_Q)_Q—ﬂ(t)
1 —~
=M (Mi+g—(Mg+g)—v—n() (10)

and with the characteristic Property 1 and Property 2 of system (1) we have

d%e de ~~—1 o o o o
o TR+ Ko ) =M (Do(g,4,9) + D1(4, 4, 9)9) — Dolg,4,4) = D1(¢:¢:Dp —v —1n
—~—1
=M (Di(¢g,4,3)(0 —p) —v—n) (11)
~—1
= (Dip —v—n)

where E =0-p.

Define v = D1z and 2 = (e )7, then using the form (5) of matrix A, the tracking error
system becomes

%:A§+B(D1(E—§)—Q), B=(© ]/\zil)T. 1)

We use the implicit reference model
dz,,/dt = Ax,, (13)

where A is stable matrix, because K1, K5 are two positive definite symmetric matrices. Then,
the specific task for designing the tracking error compensation mechanism is now to determine
the disturbance compensation signal v(t) so that the error between z(t) trajectory (12) and
desired trajectory z,,(t) of (13) converges asymptotically to 0. We take a positive definite
function of error between z(t) and z,,(t) as

V=(z—2,) Pla—z,)+(p —2)"Ep -z (14)
where E is a positive definite symmetric matrix optionally, P is a positive definite symmetric
root of Lyapunov equation (5) and @ is an arbitrary positive definite symmetric matrix. Using

(12) and (13) we obtain that E = 0 — p is a constant vector. The derivative of (14) along (12)
is given by

= @z, (ATP+ PAYa - 2, +
2p ~ 2 (DT BT Pla — 2,,) ~ B~ 2(a — 2,)" PBn
= —(z-2,)"Qz —z,)) +2(p — 2)" [D{ B"P(z — z,,) — E%] —2(z — z,,) PBn

(15)
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By choosing of z,,(t) = 0, Vt, the equation (15) becomes

d ~ d
d—‘t/ =-2"Qz +2(p — 2)' (DI BT Pz — Eﬁ] — 22" PBy. (16)

When n = 0, to keep dV/dt < 0, and letting z — 0, & — 0, we get adaptive tracking error

compensation mechanism (AECM)

dz _ E-'DIBTP:

dt (17)
v=Dz

Next, when 7 # 0 we need to improve the quality of the controller (8) and AECM (17)
to minimize the affect of external disturbance 1 # 0 for the tracking error of z(t). Obviously,
with more freedom of choice for the matrices K1, Ko, Q, E, p we can do that. We just need to
create dV/dt < 0 when z ¢ Q, where 2 is a small enough neighbourhood around the origin.
First, we define

~—1

p=nle = sup n@®)l, v(¢,p) =M |1 (18)

and choose parameter vector p so that (g, p) reaches the minimum of

Ymin = min maxy(q, p). (19)
p q -

Then as in [5, 7], we used diagonal matrices K; = diag(ki;), Ko = diag(ka;), k‘%Z >
ki; > 0, i = 1,2,...,n and the positive definite matrix @ = 2 <2K1K2 9 © > . Using

the selected @, the positive definite symmetric root P of equation (5) is given by

P = 2K Ko Ky; K1 Ki]" (20)

and (16) becomes

dV/dt = =2|z|(A|z| — 6¥minp) (21)
where
(5 = max(kru, ) klna ]{}21, ceey l{izn)

A =min(k?, ... k2 k3 — ki1, .., k3 — K1) (22)

1n>

The equation (21) shows that if we have |z| > dYminp/A then dV/dt will be negative defi-
nite. In other words, tracking errors always tend to origin, since it is outside the neighbourhood
of origin (called the attractor)

Q={z € R | |z| < 0vminp/A}. (23)
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The dimension of the above attractor €2 can be sufficiently adjusted, optionally via the
positive diagonal matrices K1, K. Unlike the result we proposed in [1-3], in this paper we
choose

kit=...=kip=c¢€a, a>0, 1 <e<aq;
le = .. = an = a(a + 1) (24)
where ¢, a are any bounded real numbers to be chosen. So 6 = y/a(a + 1) is also a bounded

value. Therefore A = a2, which means

ali_)rglo AYminpv/a(a +1)/a®> =0 (25)
or the attractor dimension converges to zero when a — oo. If the more you choose ¢ closes
to the parameter a, the more eigenvalues of matrix A of implicit reference model (13) go far

image axis. Therefore, transient time of the closed system is shorter. 1 < e < a is a transient
time adjusting constant.

The adaptive control system in Fig. 1 with controller (8) and tracking error compensation
mechanism (17) will not only compensate the tracking error caused by uncertainty component
D = 0 — p but also attenuate the effect caused by disturbance 7(t) in the sense of leading the
derivation component caused by itself to the sufficient small neighbourhood € of the origin.
Transient time of the closed system can be adjusted by choosing constant value of €.

=]

. > ® 2 "’> Controller (8) ®_9 ENUI (1) 4. g
wi |74 it

AECM (16) \é

Fig. 1. Adaptive tracking control based on disturbance attenuation and ISS stabilization
for systems (1)

lt)

Attractor Q)

Fig. 2. Attractor of tracking errors

Theorem 1. Assume Properties 1 and 2. The control system in Figure 1 with controller (8)
and tracking error compensation mechanism (17), where a > 0 and 1 < € < a are sufficiently
adjusted, ensures tracking errors (e de/dt)” always tend to the neighbour of the origin. The
dimension of the attractor (23) converges to zero when a = oo. Transient time of closed
system can be adjusted by choosing constant value of €.
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3. APPLYING EXAMPLE

In order to show the results of the proposed controller, we design the adaptive controller
for three degree of freedom cylinder robot manipulator, which is depicted in Fig.3, where
mi, ma(kg) are mass of first link and second link, I1,l2(m) are lengths of links and p(rad) is
angle between first link and second link. The end effectors load ms is assumed to be unknown
but constant, mg stand for parameter 6. The 7, f1, fo are inputs as torque and force of link 1,
force of link 2 which are infected by noises 7, 1y, and 7y, respectively. Physical parameters
are given in Table 1.

Table 1. Physical parameters of cylinder robot manipulator

Name Notation | Dimension
Mass of link 1 my =1 (kg)
Mass of link 1 my =1.5 (kg)
Inertial moment J=05 (m?Kg)
Acceleration of gravity | ¢ =9.8 (m/s?)

The cylinder robot manipulator has output vector input vector y(y Iy I)”, and input
u(t) = (7 f1 f2)T noise vector n(t) = (n- ns, ns,)T. The model (1) of cylinder robot manipu-
lator is given as [7]

dls d
J+0 0 0 2002
M = 0 mi+60 0|; g=|(m+0g]. (26)
0 0 0 d?p
—Olo—T
> dt2
4 /
1 fa — !
-- 6
@ 1
3 T \
1

Fig. 3. Three degree cylinder robot manipulator

The simulation results with parameters p = 1(kg), E=1, ¢(0) = (0.5 0.1 0.2), (0 0 0)"
are plotted in Figures 4 -10.

In these simulations, the torques applied to joints, force applied to link 1 are affected by
noises, which are described in Figures 4 and 5. The selected parameter p is 1 and unnecessarily
closes to the uncertain parameter of mass mg = 1.5Kg. The Figures 6 and 7 show the output
signals: angle without AECM ¢ and angle with AECM a = 5 and a = 80; length /; without
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y—y
Torgue without noise
Torgue with noise

0
-5
-10 L i
0 20 40 60 80 100
time (s)

Fig. 4. Torque input of the cylinder robot manipulator

40

30
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Fig. 5. Force of link 1 of the cylinder robot manipulator

phi without AECM
desired phi
phi, a=5

0 20 40 80 80 100
time (s)

Fig. 6. Angle ¢ without AECM and angle ¢ with AECM

3 T \
Y — T without AECM 7
desired 1
I I 1:2=80
0 | | I I
0 20 40 60 80 100

time (s)

Fig. 7. Length l; without AECM and length I; with AECM a =5 and a = 80

AECM and length I; with AECM a = 5, a = 80. The Figures 8, 9 show the tracking errors
and their derivatives in case a = 80. Theoretical and simulation results indicate that the



140 NGUYEN VAN CHI, NGUYEN DOAN PHUOC

Tracking error phi, 2=80

Tracking error I11,2=80

Tracking error 12,2=80

0 20 40 60 80 100
time (s)

Fig. 8. Tracking errors of ¢, 11, s in case a = 80;

10

dohi/dt ,a=80

| | d1/dt, a=80
5} 1 ! { -
d2/dt, 2=80
A
0 ?— T H
5 | il ]
-10 | I i I
0 20 40 60 80 100

time (s)

Fig. 9. Tracking errors of dy/dt, dly/dt, dla/dt in case a = 80

adaptive tracking control method based on disturbance attenuation and ISS stabilization both
compensates the uncertain parameter, the mass of end-effectors carried by robot manipulator,
and eliminates the effect of input noises (disturbance) on robot manipulator.

1.2

1

08l /£,

—— epsilon =1
——— epsilon=2
0.6} ———— epsilon=3 -1
——— desired angle
04 i 1 i ,
0 1 2 3 4 5

time (s)

Fig. 10. Angle in case a = 30 with e =1, 2 and 3

In Figure 10, we show tracking control simulation results with some transient time adjusting
constant € = 1, 2 and 3. When we choose € = 3, transient time is shorter than in the cases
e=1ande=2.

4. CONCLUSIONS

This paper has proposed a new adaptive tracking control method based on disturbance
attenuation and ISS stabilization of ENUI which guaranteed tracking errors. By using AECM



ADAPTIVE TRACKING CONTROL OF EULER-LAGRANGE NONLINEAR SYSTEMS 141

and by choosing arbitrary positive parameter p instead of the uncertainty parameter, positive
constant a, e and matrix E, the tracking errors can be brought to arbitrarily small neighbour-
hood around the origin. This method compensates the uncertain parameters and eliminates
the effect of noise on inputs of system. The advantages of this method is to converge smoothly
the tracking errors to the arbitrary sufficiently small neighbourhood of the origin in optional
transient time without chattering phenomenon. The simulation results have shown that the
designed controller has a good behavior and that it dealt with the guaranteed tracking errors
very well.
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