Proceedings of the 17th World Congress
The International Federation of Automatic Control
Seoul, Korea, July 6-11, 2008

IFAC

Neural network adaptive robust tracking
control for uncertain robotic systems with
delays *

Yaonan Wang* Yi Zuo * Lihong Huang ** Chunsheng Li ****

* College of FElectric and Information Technology, Hunan University,
Changsha, Hunan, 410082, P. R. China (e-mail: zuo_yi@163.com)
** College of Mathematics and Econometrics, Hunan University,
Changsha, Hunan, 410082, P. R. China
*** Department of Mathematics, Guangdong Commercial College,
Guangzhou, Guangdong, 510320, P. R. China

Abstract: In this paper, the problem of the robust tracking for a class of uncertain robotic
systems with delays is investigated. The uncertainty is nonlinear time-varying and does not
require a matching condition. A reference model with the desired amplitude and phase properties
is given to construct and error model. A neural network system is used to approximate an
unknown controlled system from the strategic manipulation of the model following tracking
errors. Based on the Lyapunov method and the linear matrix inequality (LMI) approach,
several sufficient conditions, which guarantee the state variables of the closed loop system to
converge, globally, uniformly and exponentially, to a ball in the state space with any pre-specified
convergence rate, are derived. Numerical examples are given to illustrate the proposed method.

1. INTRODUCTION

For the past several years, there have been a lot of interests
in applying artificial neural networks (NNs) to solve the
problems of identification and control of complex nonlin-
ear systems by exploiting the nonlinear mapping abilities
of the NN. At the same time, extensive investigations
have been carried out design NN controllers for robot
manipulators (Tseng [2001], Kim [2000]). In addition to
the nonlinearities and uncertainties, robotic systems with
unknown delayed states are often encountered in practice.
However, to the best of our knowledge, there is little result
about the robust intelligent control scheme for the uncer-
tain robotic systems with delays by now. In this paper,
we consider the problem of robust stabilization for a class
of uncertain robotic systems with multiple delayed state
perturbations. Both the adaptive robust control scheme
with known parameters, and the robust neural control
method for unknown parameters of robotic systems, are
proposed simultaneously. A reference model with the de-
sired amplitude and phase properties is given to construct
an error model. An NN system is used to represent the
unknown controlled system with the desired accuracy to
any degree from the strategic manipulation of the model
following tracking errors. The stability and robustness
properties of the proposed control scheme are established
in the Lyapunov theory framework and LMI approach. The
results demonstrate the feasibility of the proposed control
scheme, which can guarantee parameter estimation conver-
gence and stability robustness of the closed-loop system.

* This work was supported by National Natural Science Foundation
of China (60775047,10771055), the Specialized Research Fund for the
Doctoral Program of Higher Education (20050532023) and National
High Technology Research and Development Program of China (863
Program: 2007AA047Z244).

978-1-1234-7890-2/08/$20.00 © 2008 IFAC

11702

Our main contributions are as follows. First, the plants
under our consideration are of multiple delays occurring in
the state variables. Second, our design procedure is based
upon a group of linear matrix inequalities (LMIs), whose
numerical solutions can be effectively obtained by LMI
toolbox in Matlab and, what is more, through which there
is no need to fix a prior some parameters. Finally, the
performance indices of the closed loop systems have a clear
relationship with the design parameters in our controllers.

2. PRELIMINARIES

In this section, dynamical models of robotic manipulators
with uncertainties will be presented in detail. According
to Lagrange theory (Yi [1997]), dynamical equations of
robotic manipulators with n serial links incorporating
external disturbances can be expressed as

M(q)i(t) + C'(¢.9)i(t) + G (a) + F (,4)
=7(t)+Dt), (1)
where ¢, ¢, ¢ € R™ are vectors of joint accelerations,
velocities, and positions, respectively. M(¢q) € R™ " is a
symmetric positive definite inertia matrix; C' (¢, §)q € R"
being a vector of centripetal and Coriolis forces. G (q) €
R™ denotes gravity vectors and F’ (¢,4) € R™ includes

friction terms and unmodeled dynamics; D’ (t) € R is
the external disturbances; 7(f) € R™ represents torque
vectors exerting on joints. It is assumed that vectors g,
q are measurable. The following are the properties of the
robotic dynamics:

Proposition 1. The inertia matrix M(q) is symmetric pos-
itive definite for every ¢q. Both M(q) and M~'(q) are
uniformly bounded.
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Proposition 2. The matrix M(q) — 2C (q,q¢) is skew-
symmetric for suitable representation of C' (g, §).

Proposition 3. C'/(q, ¢) is bounded in ¢ and linear in g.

From Propositions 1-3, the equation of the manipulator
can be written as

where C(q,¢) = M~ (q)C'(¢.9), Gla) = M~ (9)C (q),
F(q,q) = M~Y(q)F (¢,4), B(q) = M~'(q) and D(t) =
M~(¢)D’(t). To simplify the notation the argument ¢ is
in many cases dropped out. Since each link transmitting
the energy or the moment to the following links will have
some delayed behavior due to inertia effect, the states
with delayed uncertainties are unavoidable and should be
included in the dynamical system. Therefore, (2) can be
written as

q(t) + Clg,9)d(t) + G(q) +F(q7 q)
= )+ Zd )+ D(1),
q(t) = (1), [—h, 0], (3)

where ¢(t) is a continuous vector-valued initial function,
h = maX{hjv J=12---, T}ﬂ and dj(t)v J=12--,r
are nonlinear time-varying continuous functions which
represent the gains of the delayed state uncertainties for
the system. In our control scheme, we divide the d;(t) into
two parts: the known constant Jj and unknown function
of time d;(t), namely,
dj(t):dj+dj(t), j:172,'~' , T (4)
The reference model for the plant to follow is a linear time
invariant stable system with a piecewise continuous and

uniformly bounded input 7,,, and the output g,,, related
by

q.m + M1Qm + MO(Jm = Tm, (5)

where M; and Mj are selected properly such that g,, has
the desired response of the plant. Let e = ¢ — ¢,,, denote
the tracking error. In order to design a stable adaptive
controller with robust tracking performance, we first select
a set of parameter matrices Fy, F such that the error
matrix polynomial é 4+ F;é+ Fye is a Hurwitz polynomial.
Then, define z as

Z:(jmfFléfFoe. (6)

Adding —z and subtracting C(q, ¢)q(t) and G(g¢) from both
sides of (6), we have

—z=Br—2z-C(q.94(t) — G(q)
+ > (dj+di(t)q(t —hy) +D(®),  (7)
j=1

Substituting (6) into (7), we obtain
€+ Fié+ Foe = Bt — 2 — C(q,4)d(t) — G(q)

+ ) (dj +dy(t
j=1

—hj) +D(t), (8)

Therefore, the error dynamics in (8) can be written as

¢ = e+ B(Br — - Clg,d)ilt) - Gla))

+ Y (dj +d;($))Iq(t — hy) + BD(t),  (9)

. .T

_ _ &

q= |:Z:| ) €= |:€T:| ’
(2n)x1 (2n)x1

I [8(") (I)(”)} . B= H(n)] ’
(n) Y(n) (2n)x(2n) (n) (2n)xn
[
o) 0 [ (3w 2m)
in which 0, is an n x n zero matrix. For ease of illustra-

tion, set u(t) = BT — z — C(q,)q(t) — G(q), then (9) can
be rewritten as

)

¢ = ®e + Bu(t) + ZT:(JJ- +d;(t))

j=1

q(t — hj) + BD(1),

(10)
Assumption 1. The unknown matrix-value functions of
time d;(t)I are assumed to be of the form

di(t) = By;(t), i=1,2,---,r (11)

Suppose that 9;(t), ¢ = 0,1,--- ,r and D(t) are Lebesgue
measurable and norm-bounded, i.e.,

[ < Vi, [IDOI < Vow, (12)
where p;, ¢ =1,2,--- ,r, and p,, are positive constants.
Assumption 2. The desired trajectories ¢, and desired
velocity ¢, are continuous and bounded known functions
of time, without loss of generality, let |G, (¢)|| < £, where
. Gm(t)

[

qm(?) (2n)x1
Definition 1. Define a ball B(r) := {& € R™ : |lg|| < r}.
The uncertain system (9) is said to be globally uniformly
exponentially convergent to the ball B(r) at a rate o > 0

if for any given positive number §, there exists a positive
number I' = T'(§) such that

lle(to; @) ()| < r+Texp(—
Yt > tg, Vo € C([-7,0],R"),

J(t - to)),
Il <6 (3)
3. CONTROLLER DESIGN AND STABILITY
ANALYSIS

3.1 Adaptive robust control scheme with known parameters

It is first assumed that the robot dynamical system (1) is
known a priori. Now we consider the problem of adaptive
robust controller design for system (1). Fig. 1 shows the
structure of this control strategy.

Theorem 1. Consider the robotic system (1) with given
M(q), c (¢,4) and G (¢). Suppose that Assumption 1, 2
holds. If there exist a positive definite matrix P, positive
numbers u, &, & , €, 4 = 1,--- ,r, such that the following
matrix inequalities
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Fig. 1. Schematic diagram of adaptive robust control scheme.
PO+ &P+ 2uP d\PT doPI --- d,PI are known. If there exist a positive definite matrix P,
T positive numbers u, &, & , €, ¢ = 1,---,r, such that
d1[ P —61[ 0 0 . . il
o the following matrix inequalities
dQI P 0 —eol --- 0 <0, (14) T - _
. . Po+ @ P +2uP d,PI dyPI --- d,PI
o : 3 : diI'P —e1l 0 0
d.I"P 0 0 —&.1 doI' P 0 —ef -~ 0 | <0, (22)
pP- i+ &) >0 15 L -
: ;(E ) (15) d.1°p 0 0 o e
hold, then the adaptive controller uP — 2(51 &N >0 (23)
r= B+ i) + 6o =1
hold, then the adaptive controller
1
_ At )BTP’ . (16 _ . 1 _
<p+ n? A e) (16) TZB(ZJrC(q,q)q(t) +G(q) - ?BTf’e
P3 1 _T T - N
5(t) = ~e"PBBTPé — fis(1), (17) -
A 7[Hilpw +Z£Z_1PZ]BTPE)’ (24)
where p, A, and i are design parameters satisfying =1
p>0, A>0, pa=p, (18)  Where x > 0, n > 0 are design parameters, will make the

will make the closed loop system (9), (16), (17) globally
uniformly exponentially convergent to the ball B(r) at a
rate 0/2, where r and o are defined by

r= \/mv (19)
0= 2 2(&- 4 &)e T (20)
=ty (C+ZC pz); (21)
with
A
p— it (&) An(P)
= S 7
20— 55 2 i i
H )\ (P) 21:1(6 +€)
(Z d; + p;i|BI! > 2T (BH)TB+T
" B b
o A (P) ~ 25y e+ &)
Tmax = max{7;,7 =1,2,--- ,r}, and ( is a positive number

which can be freely chosen.
Corollary 1. Consider the robotic system (1) with given

M(q), C'(¢,4) and G (q). Suppose that Assumption 1, 2
holds and the uncertainty bounds p,, and p;, i =1, - -

7,r’

closed loop system (9), (24) globally uniformly exponen-
tially convergent to the ball B(r) at a rate o/2, where r
and o are defined by

~amEosoere @
o=2u— o (P) ;(61' +&i)e? e, (26)
Tmax = max{7m;,i=1,2,--- r}. (27)

8.2 Adaptive neural robust control scheme with unknown
parameters

In order to apply the NN system with adaptation capa-
bility, we first parameterize the dynamical system (2) as
follows:

41 ay ag Qnp ¢
q2 A2n+1 A2n+2 a3n q2
|t .
dn 2n2—_2n+1 A2n2—2p+2 ' A2p2_p dn
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An 41 Ap 42 st A2n q1 T1
asn+1 asn+2 cr Q4n q2 .| T2
+ . . =B
A2p2 _on4+1 A2n2_2p4+2 " A2p2 dn Tn
r — —
+ (dj +d;(t)q(t — hy) + D(1), (28)
j=1

where B = I(yy for which I, is an n x n identity
Vv C€1C2
matrix. Let a = [a; az -+ Gp Api1-° A2p Gopyl -
T
A3n A3n+1 """ A2n2—n41 A2p2—n42 " ° a2n2](2n2)><1 be the un-

known plant parameter vector.

Rewrite (28) in the following form:

G+Va=Br+Y (d;j+d;(t)q(t —h;) + D(t), (29)
where -
gL 9F o 0
e
00 . g o)

Therefore, from (9), the error dynamics can be written as
€= <I>é+B(BT—z—Va)

+Z (d; + d; (t))Iq(t —
where e, I, (I) and B are defined as (9). For ease of

illustration, set v(t) = BT — z — Va, then (31) can be
rewritten as

—h;)+ BD(t),  (31)

&= ®e+Bu(t)+ Y (dj+d;(t))Iq(t — hj)+BD(t), (32)
j=1
Let © = [z1 @3- Ty Tpy1 - Ton)T = [€T €T]T. The basic

configuration of the neural network system is implemented
by using massive connections among processing units. Let
x € R?" be the input of the neural network system. Ex-
press a(z,c) = [a;(x,¢1), -, a2,2(2, Ca2)]T. The neural
networks output ay(x,c;) for k = 1,--- ,2n? are composed
of nonlinear neurons in every hidden layer and linear
neurons in the input and output layers. For simplicity of
design, the adjustable weightings cj for k = 1,--- ,2n?
are put in the output layers of the following single-output
neural networks (Chang [1997]):

2n
N\ A
(z,cr) ZZICkZ O whjz; +mi) = &ler,  (33)
j=1
where ¢, = (cg1, -, Ck‘pk)T7 & = [H (22n1wk T +
mk), .- ,H(Z?Zl w;fkj:cj + ml;k)]T, and pk is the num-

ber of hidden neurons, & = 1,---,2n°. According to
the multi-layer neural network approximation theorem
(Hornik [1989]), H must be a non-constant, bounded
and monotonically increasing continuous function. In this
work, the following hyperbolic tangent function is used:

o (@) _ (@)

H@ﬁ:ed@+ed@’

where o(z) is a function of the augmented state x.

For convenience, the neural network system a(z.,c) is
denoted as

¢Te, o0

T “1
a(r,c)= 62.02 oy SHEE : c.2
52Tn202n2 0 fgnz Can2

2 =(z)c (34)

Because the time-varying parameters of the controlled
plant represented as the parameter vector a are absorbed
partly into the NN system, a can be obtained more ac-
curately by further estimating the unknown but constant
weight vector ¢ according the tracking error and the coef-
ficients of the NN system. Let a = =¢ be the estimate of a
due to and ¢ = ¢ — c the error vector. Then, the certainty
equivalent controller of (16) can be re-defined as

1
B! (z +Va-— (p Tt '?(t))BTPe>

T

B! (z +We - (p + 77—12 + &(t))BTPe) (35)

where W = V=. The configuration of proposed adaptive
neural robust control scheme for the robotic system is
depicted in Fig. 2.

Theorem 2. Consider the robotic system (1) with un-
certain nonlinear parameter matrices M(q), C' (g, q) and

G/(q). Suppose that Assumption 1, 2 holds. If there exist
a positive definite matrix P, positive numbers u, &y, & ,

€i, %=1, ,r, such that the following matrix inequalities
P®+®"P+2uP dPI dyPI --- d.PI
dI'p -l 0 - 0
dgfrP 0 —eof -~ 0 < 0,(36)
4,1"P 0 0 - —&l
pP = (e +&)1 >0 (37)

i=1
hold, then the adaptive NN robust controller

_ 1
T:B<Z+W6—(p+772

+ ﬁ(t))BTPe> . (38)

«

: 1
c=c=¢&- §P1WTW6 - PETvTBTPe, (39)
: 1
A(t) = X’TPBBTPé — (1), (40)
where P; is defined as
t t —1
Pi(t) = (/ exp (- / a(9)do) WT(S)W(s)ds>, (41)
0+ o+
with P
a = (1 - ”1||> (42)
ko

for which ag and kg are positive constants. p, A, n, and i
are design parameters satisfying

p>0, A>0, >0, p=>upu, (43)
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Inequalities
d/dt G(a)

Fig. 2. Schematic diagram of adaptive neural robust control scheme.

will make the closed loop system (32), (38)-(40) globally
uniformly exponentially convergent to the ball B(r) at a
rate 0 /2, where r and o are defined by Theorem 1.

Corollary 2. Consider the robotic system (1) with un-
certain nonlinear parameter matrices M (q), ol (q,¢) and
G (¢). Suppose that Assumption 1, 2 holds and the un-
certainty bounds p,, and p;, i = 1,--- ,r, are known. If
there exist a positive definite matrix P, positive numbers
W, o, & €5, 0 =1,--- 1, such that the following matrix

inequalities
PO+ &P +2uP dyPI dyPI -+ d.PI
i I"P —e1l 0 0
doITP 0 —eol - 0 | <0,(44)
d.I'P 0 0 - —gl
pP => (6 +&)I>0 (45)

i=1
hold, then the adaptive controller

- 1
=B (z +Wé— —B"Pe
U

i=1

DHM+i5%PW%, (46)

«

1
50~ §P1WTW5 — PETvTBT Pe, (47)

where P; is defined as (41)-(42), and x > 0, n > 0 are
design parameters, will make the closed loop system (32),
(46), (47) globally uniformly exponentially convergent to
the ball B(r) at a rate /2, where r and ¢ are defined by
Corollary 1.

4. COMPUTER SIMULATION

To illustrate the adaptive neural control scheme proposed
in this paper, a simulation example for gyroscopic system
with single actuating input (Ferreira [1999]) is performed.
The inertia of the system is concentrated in the rotor,
with J as the radial moment of the inertia and I the axial
moment of inertia. This system is acted upon by a single

torque input 7(¢) applied along the z-axis (torque axis).
From Newton’s law in rotational form, the equations of
motion for the gyroscopic system are shown as follows:

JO = 7(t) + JB%(t — h)sin(6(t — b)) cos(B(t — h))  (48)
— BEaf(t — h)sin(0(t — h)) + ((t),

JBsin(0(t)) + By cos(6(t)) = Ex, (49)

() + B(t) cos(t)) = Ea, (50)

where E7, Fo are conservation of the angular momentum
constants, h is the delay time for the rate of change, (3,
due to the inertias of the radial and axial moments, and
¢ is the bounded disturbance caused by the unbalanced
effects. Without loss of generality, counterclockwise and
clockwise rotations are defined as positive and negative,
respectively.

There are three outputs 6, § and % in this gyroscopic
system. From (49) and (50), we have

E5cos(8) — Ey

At Jsin?(0) 0 (51)
. Eycos(f) — Eycos?(0) Es
vt I.J sin’(0) I (52)

Hence, the rate changes of 3, 8, and v, v, can be seen
as in function of §. From (28) and (48)-(50), since n = 2
for # and n = 1 for 9, we can express the plant model as
follows:

é+a19+a29+a3¢27
+d(8(t — h), B(t — 1)) + ¢, (53)
where a;, ¢ = 1,2,3, are unknown parameters to be

estimated.

A gyroscope having the following parameters is chosen for
this simulation: the inertias are taken given by I = 2 and
J = 1, the delay time by h = 0.02s, and the angular
momentum constants by Fy = Es = 1, since (49) and (50)
satisfy the conservation laws of the angular momentum.
Let the reference model be specified as

Oy + 1504, 4 750, + 1250 = T'm,

where 1, = 125 for unit step tracking.

(54)

11706



17th IFAC World Congress (IFAC'08)
Seoul, Korea, July 6-11, 2008

Specify ag = 1, kg = 1, and from (8) and (30), we have

R=|1 00|, v=[00vo000]
0 01l 00000860

In practice, friction and mass unbalance are inevitable
for the gyroscope and will cause disturbance torques on
the gimbals when the body is accelerating and rotating.
Therefore, the sinusoidal disturbances 2sin(t) are used to
simulate these imperfections.

Since the information on the bounds of parameter un-
certainties and disturbances is unknown, let the initial
conditions be given by P;(0)~! = I, o = 0.05, o = 0.5,
pw=j=10,¢0)=[1010---10]T, 4(0) = 0, and set

01
0 0] . (56)
01

Then we have a = 2.0406. Substituting a into Step 2 of
Algorithm 1 yields

B=1Is, B=[101", V=

35.7820 —23.1621 —19.0652
P=|-23.1621 27.0633 16.7321 ] ,
—19.0652 16.7321 13.6162
€1 =26.7851, & = 5.7889. (57)

Update the estimates of the vectors ¢, 4 and obtain the
weighting matrix P; from (39), (40) and (41), respectively.
Now we choose A = 10 and p = 0.01, then the adaptive
controllers will be derived from (16) and (38), respectively,
for comparison depending on different assumptions on the
plant parameter matrices.

Figs. 3 and 4 show the simulation results with disturbances
2sin(t) as follows: (a) the tracking error eg = 8 — [,
(b) the tracking error ey = 6 — 0,,, (c) the tracking error
ey = ¢ — Uy, (d) the control input 7. It is easy to see
that in our tracking purpose with the NN system (i.e.,
without a priori knowledge on plant dynamics) can be
achieved effectively than the case without (i.e., with a
priori knowledge on plant dynamics). The results reveal
that the proposed adaptive neural robust scheme indeed
improves the system performances including convergence
of tracking errors, the smoothness of the control inputs. It
seems that the robustness of the proposed control scheme
is excellent.

5. CONCLUSIONS

In this paper, an adaptive neural robust control scheme
for MIMO uncertain robotic systems with time delays has
been developed and the general idea that appropriate es-
timation of the adaptation process should provide a satis-
factory basis for the control. The essential requirement for
the delayed state uncertainties is that they satisfy match-
ing conditions and are norm-bounded, but the bounds of
the uncertainties are not necessarily known. As well, an
NN system is used to represent the unknown controlled
system. A reference model with the desired amplitude and
phase properties is given to construct an error model. It
is shown that, in the sense of Lyapunov-type stability, the
proposed control scheme can guarantee estimation conver-
gence and stability robustness of the closed-loop system.

As demonstrated in the illustrated example, the control
scheme proposed in this paper can achieve a better model
following tracking performance over that without using the
NN system with adaptation weights.
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Fig. 3. Simulation results with disturbance 2sin(t¢) for p = 0.5, where
the subscript a denotes the responses without using the NN
system.
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Fig. 4. Simulation results with disturbance 2sin(t¢) for p = 0.1, where
the subscript a denotes the responses without using the NN
system.
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