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Abstract A novel robust hybrid tracking control
for robotic system is proposed. This hybrid control
scheme combines computed torque control (CTC)
with neural network, variable structure control (VSC)
and nonlinear Hy, control methods. It is assumed that
the nominal system of robotic system is completely
known, which is controlled by using CTC method.
Neural network is designed to approximate parameter
uncertainties, VSC is used to eliminate the effect of
approximation error, and Hy, control is employed to
achieve a desired robust tracking performance. Based
on Lyapunov stability theorem, it can be guaranteed
that all signals in closed loop are bounded and a speci-
fied Hy tracking performance is achieved by employ-
ing the proposed robust hybrid control. The validity of
the control scheme is shown by computer simulation
of a two-link robotic manipulator.
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1 Introduction

Tracking control for robotic system always is a chal-
lenging problem since the uncertainties, disturbances
and nonlinear system dynamics [1-3]. In the past
decades, many control approaches have been proposed
for dealing with these issues.

Computed torque control (CTC) [4] is a lineariza-
tion method to linearize and decouple robotic dynam-
ics, so that motion of each joint can be controlled
individually and many well-developed linear control
strategies can be used. However, the algorithm re-
quires linearization of the nonlinear dynamical model
of the robot and perfect knowledge of the system dy-
namics. Unfortunately, uncertainties always exist in
practice, such as plant parameter variations, modeling
errors, and unknown disturbances. These uncertainties
will degrade the control performance. Even though, as
a traditional control method, CTC is easily understood
and of good performances and could not be neglected
in designing controller for complex robotic system [5].

Variable structure control (VSC) has been investi-
gated for controlling the robotic system [6—10]. The
VSC provides a robust control method, which is insen-
sitive to parameter uncertainties, modeling errors and
external disturbances. However, there always exists
high frequency oscillation in the control input, which
is called ‘chattering.” The high speed switching nec-
essary for the establishment of a sliding mode causes
the oscillations. In addition, the traditional VSC needs
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a plant model in the design, but it is difficult to obtain
precise parameters of the system.

Neural networks have been widely used in model-
ing and controlling of nonlinear systems because of
their capabilities of nonlinear function approximation,
learning, and fault tolerance [11, 12]. Considering the
robustness and trajectory tracking performance of dy-
namics, many adaptive neural network based control
schemes have been developed to solve highly nonlin-
ear control problems for robotic systems with uncer-
tainties [13—17]. In general, a neural network system is
employed to approximate uncertain nonlinearity of ro-
botic systems, and applying the adaptive training algo-
rithm to diminish the approximate errors, at the same
time, using a robustifying controller (e.g. VSC con-
troller) to compensate the approximate errors.

As robustness and its capability of disturbance at-
tenuation in nonlinear systems, the approach of Hy
optimal control has been widely discussed [19, 20],
also applied in robotic systems. In conventional Hy,
controls, the plant models must be known, perhaps
allowing a small perturbation. However, if the plant
models have large uncertainties, the conventional Hy,
tracking control will meet additional difficulties. Re-
cently, some attention has been paid to treating the ro-
bust Hy, control for uncertain systems with the pertur-
bation of dynamic uncertainties [14, 21-24].

Many researchers have tried to combine two or
more above methods for controlling robotic system.
Typically, Song et al. [5] proposed an approach of
CTC combined fuzzy systems. The nominal system is
controlled by CTC and for uncertain system, a fuzzy
controller acts as a compensator. Zuo et al. [24] used
a neural network robust controller acting as compen-
sator and assumed that the external disturbance is fi-
nite energy. But they assumed that the system acceler-
ations are measurable. Although the accelerations can
be obtained through installing accelerometers on the
robotic systems, the measurement noises and weight
of these extra utilities would both sacrifice the tracking
performance of robotic systems. Liu and Li [18] as-
sumed that the dynamic parameters of robotic system
can be expressed by the nominal parameters and the
parametric uncertainties. Then, a fuzzy CMAC neural
network was used to model the nominal system. Fur-
thermore, the bounds of uncertainty parameters are as-
sumed to be known and used to design the VSC, and an
H controller is designed to achieve a certain tracking
performance. In practice, in order to sufficiently con-
sider system parameters’ variety, these bounded values
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should be large enough; however, the larger bounded
values would cause a more severe chattering in VSC
design.

In this paper, without measuring the accelerations
of robotic system, a novel neural network based ro-
bust hybrid tracking control scheme, combining CTC,
neural network, VSC and H, control for robotic sys-
tem, is proposed. We assume that the constant parame-
ters of nominal system, which is controlled by using
CTC method matrix, are known. To avoid the prob-
lem of conservative bounds estimation in [18], a neural
network is designed to approximate the uncertainties,
VSC can eliminate the effect of approximation error,
and H, control is employed to achieve a certain ro-
bust tracking performance and to attenuate the effect
of external disturbances to a prescribed level. The pro-
posed robust hybrid controller can guarantee stability
of closed-loop systems and H, tracking performance
by using Lyapunov stability theorem.

This paper is organized as follows. In Sect. 2, some
preliminaries are addressed, which consist of mathe-
matical notations, neural networks, dynamical models
of robotic system with uncertainties, and detailed ex-
planation related to CTC for robotic system. The de-
sign of the neural network based robust hybrid con-
troller is given in Sect. 3, and the robust stability is
analyzed. The Matlab simulation results are given in
Sect. 4, and the conclusions are drawn in Sect. 5.

2 Preliminaries

Standard notations are used in this paper. Let ) be the
real number set, 1" be the n-dimensional vector space,
R*" be the n x n real matrix space. The norm of vec-
tor x € N" and that of matrix A € R"**" are defined,
respectively, as [x|| = +/xTx and |A|| = tr(ATA). If
y is a scalar, then ||y|| denotes the absolute value.
Amin(A) and Amax (A) are the minimum and the maxi-
mum eigenvalues of matrix A, respectively. I,,x, is an
n X n identity matrix. And sgn(-) is a standard sign
function.

2.1 Neural network
In general, a three-layer neural network with multi-

outputs  f(x, W) = [f1(x, w1), ..., fu(x, w)]" is
usually used to approximate a continuous function
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Fx) =[fix), ..., f(x)]T, where x denotes the in-
put vector and W contains the tunable network para-
meters. The neural network can be represented in the
following form:

P m
Sele,wp) = ZMgd)(Z vjiXi +9j)
i=1

j=1
= wy ¢ () (1
with
k1 S viixi +61)
, ok () = : ,
Wkp G vpixi +6p)

where m, p, n denote the number of input, hidden and
output neurons, respectively. The weights v;; for j =
1,...,pandi =1, ..., m are the input layer to hidden
layer interconnection weights, which are assumed to
be fixed and selected randomly. The threshold offsets
are denoted by 6; for j =1,..., p and wy; for k =
I,...,nand j=1,..., p are the hidden layer to out-
put layer interconnection weights, which are the tun-
able network parameters. ¢ (-) denotes the activation
function which should be a nonconstant, bounded and
monotonically increasing continuous function, here is
selected to be a bipolar sigmoid function

S
>~
Il

1—e*

P = o

@

Then, the complete neural network can be denoted
by

fi(x, w) wlei()
fe,w)= : = :
Jn(x, wy) wlen ()
=Wlae(), 3)
where
wy
W= wg
!
0] 0 0
0 ¢ 0
()= : :
0 0 ()

Here we use the smooth projection idea of Khalil
[25]: consider Q2o = {W : WIW < My} and Qy =
{(W: WTW < My + 8} for some My > 0 and § > 0,
which can be arbitrarily pre-assigned by the designer.
Define the smooth projection mapping as

Z, ifWTw <My
or (WTW > My and
wlz <0) 4
= W'w-Mmy)wTs
= SWTW W,
otherwise.

Proj[W, E] =

The following assumptions are used throughout this
study [22, 23]:

Assumption 1 There exists an optimal parameter
value W* € Qw such that f (x, W*) can approximate
f(x) as closely as possible.

Assumption 2 Assume that the approximation er-
ror, e(x) = f(x) — f(x, W*), is bounded by a state-
dependent function, that is, there exists a function
k(x) > 0 such that |e(x)| < k(x).

2.2 Robotic system dynamics

The dynamic equation of robotic system is usually
obtained by the Euler-Lagrange equation. Consider a
general n-link rigid robot, which takes into account
the external disturbances, with the equation of motion
given by [2]:

M(q)g+Clq.9)g +G(g) =7 + 1, &)

where ¢q, ¢, g € " are the joint angular position, ve-
locity and acceleration vectors of the robot, respec-
tively; M(q) € W™ is the symmetric and positive
definite inertia matrix; C(q,q) € W"*" is the effect
of Coriolis and centrifugal forces; G(g) € N" is the
gravity vector; T € " is the torque input vector, and
74 € N" denotes unknown external disturbance.

For convenience, dynamical model (5) can be
rewritten in the following compact form:

M(g)g +H(q.q) =7 + 14, (6)

where H(q,q) = C(q,q)q + G(gq). The parameters
M(q), C(g,q) and G(q) in dynamical model (5)
are functions of physical parameters of systems like
links’ masses, links’ lengths, moments of inertial,
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and so on. The precise values of these parameters
are difficult to acquire due to measuring errors, en-
vironment and payloads variations. Therefore, here
it is assumed that actual values M(g), C(q,q) and
G(gq) can be separated as nominal parts denoted by
Moy(g), Co(q,q) and Go(g) and uncertain parts de-
noted by AM(q), AC(q, q) and AG(q), respectively.
These variables satisfy the following relationships:

M(q) = Mo(q) + AM(q),
C(q,9) = Colq.q) + AC(q.q),
G(g) = Golg) + AG(q).
Suppose that dynamical model of robotic system is
known precisely and unmodeled dynamics and distur-
bances are excluded, i.e., AM(q), AC(q,q), AG(q)

and 74 are all zeros. Dynamical model (6) can be con-
verted into the following nominal model:

Mo(q)4 + Ho(q.q) =, (7
where Hy(q,q) = Co(q, 9)g + Go(q).

2.3 Computed torque control method for robotic
system

The perfect knowledge of the robotic system dynam-
ics should be known in the CTC design. The corre-
sponding CTC control law for the nominal model (7)
of robotic system can be chosen as

T =Mo(q)(ga — Kve — Kpe) + Ho(q, q), ®)

where e is the tracking error defined by e = g — ¢q,
q and gq are the actual and desired joint trajecto-
ries, respectively. The coefficients K, and K, should
be chosen such that all the roots of the polynomial
h(s) =s%+ Kys + K, are in the open left-half plane.

Assumption 3 The desired trajectory qq is continu-
ous and bounded known function of time with bounded
known derivatives up to the second order.

Substituting (8) into (7) yields
e+ Kye+ Kpe=0. ©)

Remark I Obviously, CTC approach is based on feed-
back linearization technique, which results in a linear
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time-invariant closed-loop system (9), implying ac-
quirement of globally asymptotical stability. Further-
more, explicit conditions for performance indices may
be obtained in terms of controller gain matrices. More
specifically, globally asymptotical stability is guaran-
teed provided that K, and K, in (9) are symmetric and
positive definite constant matrices.

According to the analysis above, CTC strategy re-
lies on strong assumptions that exact knowledge of ro-
botic dynamics is precisely known and unmodeled dy-
namics has to be ignored. However, these assumptions
are impossible in practical engineering. Therefore, ap-
plying (8) to the practical robotic system (6) yields

M(q)(€+ Kyé+ K pe)
= —AM(q)(a — Kvé — K pe)
—AH(q.q) + . (10)

Remark 2 All the parameters in the proposed scheme
may be uncertain, which is true in practical situations.

Differently from the approaches proposed by Song
et al. [5] and Zuo et al. [24] who assumed that the
system accelerations are measurable, in this paper we
assume that actual system accelerations are unmeasur-
able and a neural network based robust hybrid tracking
control scheme is designed.

3 Robust hybrid control design

In this section, we will design a neural network based
robust hybrid control law such that joint motions of
robotic systems (5) can follow the desired trajectories.
This hybrid controller is defined as

T=10+u (11)

where g is CTC defined like (8) and u is the neural
network based hybrid compensator to be determined
later.

Let x; = e, xp = ¢, then the robotic system error
dynamic equation (10) can be written as

X1 =x2,

X =M (g){u — [Mo(q)Ky + AC(q, §)]
— My(@)K,x1 — AM(q)qq
— AC(q,§)qa — AG(q) + a}.

12)
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Define f(x.) = AM(q)ga+ AC(q, g)qa+ AG(q)

as a function of joint variables and parameter varia-
tions, where x, = [¢7, q'T,c]g, éig]T. Then, the error

dynamic state-space equation has a form

X =Ax + B(u — f(x.) + 1a), (13)
where x = [x{,x]]1T, A= Ao+ AA,B = (By +
ABYM ' (g), with

[Ousen 1
A — nxn nxn:|’
°T |-k, —K,

AA _ [ Onxn Onxn ]
T LM @AM@K, M7 (@AM@K,—ACq.4) |

_Oan OnXVl
By = , AB = _ .
0 1} [—M l(q)AM(q):|

Assumption 4 AA and AB represent the time-
varying parametric uncertainties having the following
structure:

[AA, AB]=DF|Eq, Ep],

where D, E,, Ej are known constant matrix appro-
priate dimensions, F € %W"?" is unknown Lebesgue
measurable matrix which is bounded as follows:

FTF =< 12n><2n-

In this paper, a three-layer neural network de-
scribed in Sect. 2.1 is used to approximate f(x,) in
(13), which can be represented as

Fxe) =W () +e(x), (14)

and the neural network based hybrid compensator « in
(11) is assumed to take the following form:

U=uy+u, (15)

where u, = WT® () is the neural network controller
to approximate the unknown parameter uncertainties
f(x¢) online, and u, is the robust controller to elim-
inate the approximation errors of neural network and
achieve a certain robust performance.

Substituting (14) and (15) into the state-space equa-
tion (13) yields

i=Ax+B(u, — WIo() —e(x,) + 1), (16)

where W = W* — W.

Theorem 1 Considering the robotic system dynamic
equation (5), suppose that Assumptions 1—4 are satis-
fied, and T4 € L;[0, +00), where Tq = M&l(q)td.

If there exists a matrix P = PT > 0 and positive
numbers vy, &, |, ¢ such that the following matrix in-
equality holds:

1
PAy —i—AgP + 0+ PBO(ﬁlnxn _2R_1)B(;FP

1 2 T 1 T
+<§—2+M )PDD P—i—EEaEa

+¢2PBoRELE,RT'BlP

1
+ €—2PDTDP <0 (17)

and sgn(Bng) = sgn(BTPx), where Q = QT > 0 is
a prescribed weighting matrix and R is some positive
gain,

And, the control law T is provided by (11), where
10 is CTC like (8) and u is the neural network based
hybrid compensator designed as (15), in which the
neural network controller u, and its adaptive training
law are designed as

un =W (), (18)
W = —nProj[W, &1, (19)
where 1 is the learning rate of neural network and

g =o()"B} Px;
And the robust controller u, in (15) is defined as

Ur =up + s + ty (20)
with

up = —Mo(q)R™'B{ Px, 1)
us = —k (xc)sgn(B; Px), (22)
Uy = —2Myw | ®(-)||sgn(B; Px); (23)

Then, controllers can guarantee that (i) all the vari-
ables of the closed-loop system are bounded; (ii) the
following H tracking performance is achieved:

T T
[ lrwlhar<® [ imia+s 4)

where p is an attenuation level and defined thereafter,

B e
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Proof Let us select a Lyapunov function candidate,

1 |
V=-xTPx+—WW. (25)
2 2n

Differentiating the above equation and substituting the
state-space equation (16) yields:

| 1 |
V==xTPx+-x"Pi+-W'W
2 2 n

- %[Ax + B(u, — WD () — e(x.) +14)] Px
+ %xTP[Ax +B(uy — WO () — e(xe) + )]
+ LW
n

~xT(PAg+AJP)x + x"PDFE,x
+ (= WD () —e(x)) B"Px + ] BT Px

|
+-W'W. (26)

Considering the matrix inequality (17) and the robust
controller u,, (26) can be bounded as

. 1 BT
V§—§x 0+ PBy| — ml —2R7V)BlP
1 T 1 T
= +u? |PDDTP + 2 EaEa
1
+¢?PBoRELEL,RT'BI P + {—ZPDTDP}x
+xTPDFEx +u} B"Px
+ (us —£(x)) BT Px +tJ BT Px

- 1 ~+ 2
+ (uy —WIOO) BTPx+-W'W.  (27)
n
According to (4), the proof of |W| < My can be
found in [25]. Since |W*| < Mw, there is W) <
2Myw [18]. And considering the fact W = —W and the

controller u,, in (23), the training law (19) of neural
network implies that

- 1 ~+ 2
(= W () BTPx + -WTW <0. (28)
n
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Then, considering the controller u; in (22) and As-
sumption 2, we obtain

(us — 8(xe))TBTPx
< —K(xe)|BTPx| + |8(xe)HBTPx‘
<0. (29)

Considering the Hy, controller uj in (21) and substi-
tuting (28) and (29) into (27) yields:

i 1 1
V<—= x{Q+PBO< Lixn — 2R~ ) Tp
2 y?
+(L +2)\PoD P+ LETE
g h e
1
+§2PB0RlEgEleBgP+§—2PDTDP}x
+xT"PDFE.x +ul BTPx + ] BTPx

1 1
=——x {Q+PBO< Lyxn — 2R~ ) Ip
2 v?
+(L +2)\poD P+ LETE
g pr e
1
+§2PB0RlE,TEleBgP+§—2PDTDP}x

+x"PDFE,x —x"PByR™' B Px
—x"PBR'EfFTDT Px
+ 7] By Px + T, ELF DT Px

T
1<1BTP ) (IBTP )
=——|=ByPx—yTa| | =By Px—yia
2\y° y °
(1 + ¢ T
——<—F D Px—s;E,,fd)

2\¢
1
: (EFTDTPx — gEbfd>
1 T 1 T
—=\uD Px——FE;x
2 2
- 1
-\uD Px ——FE;x
"

1 1 T
— E(;FE;,Ie—lngx — EDTPx)

1
: (gFE,,R—lBng —~ EDTPx)
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Fig. 1 Architecture of - p
closed-loop system Matrix .
Inequality d <
L Robust |-
ﬁ Control | ¢
[ E : |
H L Adaptive /
C Training Law
. : KR
d4q L Robotic >
r Mo(q) System L | 9.
< 3
dd
qd
11 . . .
-5 E_ZXTPDT(I2nx2n _ FTF)DPx Since V(T) > 0, the above inequality leads to
11 ! 2 2 ! 2
— 53 % Eq (Lusan — F'F) Eax /0 [x@ |, dr <2v©) +p /0 ITal®de. (33)
w

1 _
- EKZXTPBOR 1EE(IanZn
— F'F)E,R™'B} Px

1 5 _+_ 1 ,_ _ 1
+ §y2rthd + EgzrdTE;fEbrd - ExTQx. (30)
Then, according to Assumption 4, we have

| 1 1
V< Enyded + §§2deE;,fEbfd - ExTQx

1 1
= S0 T — 51 Ox, 31

where p* = y* 4+ &*| Ep|*.
Integrating the above inequality from¢ =0tot =T
yields

1 r 1 (7
V(T)—V(O)S—pZ/ defddt——/ xTQxdt.
27 ) 2 Jo

(32)

Defining g =2V (0) = xT(0) Px(0) + %WT(O)W(O),
then the Hy, performance is achieved.

Since 7q € L2[0, +00), there is a finite constant
My > 0 such that [;°[|7q]|>dt < My, and then we
have

2
Il < /B2 M, (34)
)»min(Q)

It can be concluded that all signals of the closed-loop
system are bounded. (]

According to the above analysis, the architecture of
closed-loop system is shown in Fig. 1.

Remark 3 In this paper, the VSC u; and u,, are de-
signed to eliminate the effect of the approximation er-
rors of neural network and ensure system stability, and
the robust H, controller u, is employed to achieve the
desired H, tracking performance. In this way, global
stability and Hy, tracking performance of closed-loop
systems are achieved.
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Step 2. Choose proper parameters:
Q0 =2014x4, R =101y, y =04,
é = 15 M= 1, ; = 1.
D=10,0,55I{,4,  Eqa=10,0,10,10]1x4,
Eqs=1[1,1]1x4,

\ 4
=

Fig. 2 Diagram of a two-link robot manipulator

4 Simulation example

To verify the theoretical results, simulations were car-
ried out in two degrees of freedom robotic manipulator
as shown in Fig. 2 and described by [2]:

M) = [ 12 my (424201 1ey)  molB+maliles
9= i mzl%-ﬁ-mzlllzcz mzl% ’
[ 2malibsagy malilasagn

C(g,q) = X )

(9.4) | malibsaqo 0

Gq) = [ malagern + (my +ma)lige

i malrgcin ’

where m and m, are the masses of link 1 and link 2,
respectively; /1 and [ are the lengths of link 1 and
link 2, respectively; s; denotes sin(g;), ¢; denotes
cos(q;), and ¢;; denotes cos(q; +¢g;), fori =1,2 and
Jj =1,2; and g is acceleration of gravity.

4.1 Design procedure

To summarize the analysis in Sect. 3, the step-by-step
procedures of the neural network based robust hybrid
control for robotic system are outlined as follows.

Step 1. Select controller gains K, = 100/5,7 and
K, = 501,45 such as

Ag— 02x2 153%)
O Z1000hxy —501x>

is a Hurwitz matrix.
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solve P from matrix inequality (17):

12.7806 —12.3229 0.0124 —0.0874

p— —12.3229 12.7806 —0.0874 0.0124
- 0.0124 —0.0874  0.1495 —0.0508
—0.0874 0.0124  —0.0508  0.1495

Step 3. Select initial weight W (0) = 0122, design
the neural network structure as 8—12-2, and select the
learning rate as n = 0.2 in (19), set My = 1000 and
& = 10, then the neural network controller u,, can be
obtained from (18).

Step 4. According to (20)—(23) with the function
k(xe) = 2+/|le]|2 + ||é]|? the robust controller u, can
be calculated; by using (15) we can obtain the neural
network based robust hybrid compensator u. The cor-
responding neural network based robust hybrid control
law can be obtained from Theorem 1.

4.2 Simulation results

In this section, the proposed control approach is
applied to the position control of a two-link ma-
nipulator. The dynamic equation and parameters of
the manipulator are similar to those in [5]. The
nominal parameters of the robot used for simula-
tion are m; =my =4kgand [ =b =1m, g =
9.8 m/s?, while actual parameters of robot are cho-
sen as m| =my = 8 kg and /1 =, = 1.2 m to intro-
duce the parameter uncertainties. The desired trajec-
tories to be tracked are gq; = 0.8 cos(z) + 0.2 sin(3¢),
ga2 = —0.3cos(2t) — 0.7 sin(¢). The initial conditions
are ¢q1(0) = ¢0) = 2 rad and ¢1(0) =
¢2(0) =0 rad/s. The CTC for controlling robotic sys-
tem without model uncertainties and disturbances can
be found in [5, 24]. It is obvious that CTC can track
the given trajectories perfectly under precise known
model parameters. For the purpose of comparison,
simulation studies in two cases are conducted. To show
the robustness of the controller, we choose the exoge-
nous disturbances 74 = [5¢ ", —5¢]T.
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time(s)
(d) Control torques

Fig. 3 CTC for robotic manipulator with uncertainties and disturbances

Case 1. The conventional CTC (8) for controlling
robotic system under model uncertainties and distur-
bances is demonstrated. Figure 3 shows the results. It
can be seen that the controller cannot drive the joints
to reach the desired positions and steady-state tracking
erTor exists.

Case 2. Under the same conditions as in Case 1, the
proposed neural network based robust hybrid tracking
controller is used to control robotic manipulator. The
control procedure is described in foregoing subsection.
Figure 4 shows the tracking results. It is observed that
the tracking error decreases quickly, and the effects of
uncertainties are successfully compensated by the ro-
bust hybrid control term.

To quantify the control performance, the root-mean
square average of tracking error (based on the L, norm
of the tracking errors e) is given as follows [24]:

Ly(e) = (35)

where T represents the total simulation time. Table 1
shows the L, error norms for CTC method and the
proposed robust control method. Note that the smaller
L> norm represents the better performance.

From Fig. 4 and Table 1, the results demonstrate
that the proposed robust hybrid tracking control can
effectively control the rigid robotic system with model
uncertainties and disturbances, and the proposed con-
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Fig. 4 The proposed hybrid tracking control for robotic manipulator with uncertainties and disturbances

Table 1 L, norm for tracking errors

Controller Ly(ey) Ly (ep)
CTC 5.2152 10.0253
Proposed 3.5464 6.8693

troller presents a better transient response and a
smaller tracking error norm than the CTC method.

5 Conclusions

In this paper, a neural network based robust hybrid
tracking control scheme, combining CTC, neural net-

@ Springer

work, VSC and Hy control for robotic manipulator

without measuring the system accelerations, is pro-

posed. In this scheme, CTC is employed to control the

completely known nominal system of robotic manip-

ulator; neural network is designed to approximate pa-

rameter uncertainties, the VSC and Hy, controller can

guarantee robustness to approximation errors and also

attenuate the effect of finite-energy, immeasurable ex-

ternal disturbances entering the system. It can be guar-
anteed that all signals in the closed loop are bounded
and ensured H, tracking performance by employing
the proposed robust hybrid control. The validity of the
control scheme is shown by computer simulation of a

two-link robotic manipulator.
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