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INTIWDUCTION 

ln the last decades robot control theory has 
been a major topic of research and develop­
ment. Linear control was proved to be 1nade­
quate for rapid and accurate trajectory trac­
king, and consequently several other control 
schemes have been proposed. Control strate­
gies based on nonlinear compensat1on and 
adapt1ve control are two of the kind. Never­
theless, they impose high computational bur­
den, using present day microprocessors 
(Chang-Huan et al. <lll. 

An approach that overcomes this drawback is 
the use of variable structure <VSS! control­
lers <Utkin (2ll. Both theoret1cal or simula­
tion studies <Young t3l (9l, Horgan et al 
C5l, Slotine et al (4) (6) (7), Kasuge et al 
<Bl, Ozguner et al ClOll, and praticai imple­
mentations <Klein et al C lll, Hiroi et al 
(12), Staszulonek et al 113), Hashimoto et al 
Cl4l Cl5ll, have demonstrated its feasibt­
lity. 

In the VSS controllers proposed so far, the 
robot mantpulator is induced to match a first 
order linear decoupled system. The robot 
state trajectories can be decomposed in a 
reaching phase where the robot manipulator 
evolves towards the linear law, anda sliding 
phase where the robot manipulator follows the 
linear characteristic. Nevertheless two prob­
lema arise: 
-ln the reaching phase, the robot/controller 
system is sensitive to parameter variations, 
thus convergence is not assured. 
-In the sliding phase, chattering about the 
switching linear law may excite unmodelled 
high frequency modes of the mechanical struc­
ture. 

ln order to elíminate these drawbacks, 
research lead to VSS control laws using 
feedforward t3l C 12l, a simplified robot 
model C5l, "smooth" switchtng algoríthms (4l 
16) C7l C 14), and more sophisticated sliding 
trajectories (lOl Clll 115). 

In this paper a new VSS controller which is a 
development of those techniques 1s proposed. 
This controller is composed of two blocks: 
the first defines an appropriate reference 
model and the second implementa a smooth 
control law. With respect to the selection of 
the reference model two requirements were 
taken into account: suffiCient low 'order, 
compatible with the robot manipulator dyna­
mics, and linearity in order to simplify the 
mathematical treatment. Second order linear 
models were found to, obey these requirements. 

The control Iaw is an adaption of the stan­
dard PI controller to the VSS phylosophy. 
This structure lead to an easily and intuiti 
vely adjustable controller; moreover, the 
resulting position/velocity trajectories and 
corresponding torques are "ripple free", with 
neglígible coupling between axis. 

THE SLIDING HODE CONTROL ALGORITHH 

The VSS contro 11 er is now descri bed. I n the 
first block an adequate sliding law, that 
stems from the properties of the robot mani­
pulator dynamics is implemented. The sliding 
mode controllers proposed so far, use a first 
order linear system trajectory 

sa=c .. x ... +x,=O 

where n denotes the number of 
freedom of the manipulator, x 
vectors of position and velocity 
respectively. 

( 1 ) 

degrees of 
and x the 

coordinates, 

Based on equation <ll, 
law 

the switching control 

u=uCsgn ts l J (2) 

is implemented where u is the control vector 
and sgn(l is the sigo function. Assimptotic 
convergence is guaranteed if the control law 
t2l ensures that the condition 

i= 1, • n (3) 

is satisfied. 

ln contrast With first order systems, which 
can have discontinuous phase plane trajector­
ies, robot manipulators do not allow such 
dynamics; they have moving inertias thus 
implying continuous position and velocity 
trajectortes in the phase plane. Therefore, 
when the robot controller tries to mimic a 
first order linear system, it is confronted 
with conflicting requirements. ln pratice, 
because torque can not be 1nfinite, the phase 
plane trajectory is continuous. Nevertheless, 
high torque requirements saturate the robot 
actuators giving, consequently, a longer (in 
time) reaching phase which, as previously 
stated, is highly sensitive to parameter 
variations; at the same time Cundes1rablel 
integral mode wind-up may also take place. 
Because the least system order compatible 
with robot manipulator dynamics is two, a 
second-order reference model is an obvious 
choice. Furthermore, for any point 1n the 
phase plane there is always a continuous and 
smooth trajectory containing the point and 
satisfying 

( 4) 

for a given e, and Wn,, Therefore, two prob­
lema are avoided at once: the undesirable 
reaching phase is obviously eliminated, and 
the chatter usually present in the sliding 
phase is also attenuated. ln fact, when some 
perturbation arises, the actual robot trajec­
tory moves away from the desired one. lf a 
first order linear system sliding curve is 
used, the controller reacts, providing oppo­
site phase plane trajectories towards the 
desired trajectory. As some delay is unavoi­
dable in digital implementations a 



"switching" between those curves arises, 
giving the well known chatter. The use of 
second order curves attenuates this problem. 
Because there is always a trajectory of the 
type defined in 14) containing a given point 
<x,xl, after a perturbation the system will 
not be forced to follow the initial characte­
ristic; instead it will follow a new trajec­
tory Chaving the same e, and Wn, l with 
initial conditions corresponding to the pre­
sent values of x and x, and which is "almost" 
parallel to the previous one. 

We now describe the control law implementa­
tion. This is motivated by the discussion of 
both the VSS switching law structure and the 
robot manipulator dynamics. As pointed by 
Young 13) the weight of the corrective sli­
ding torque can be alleviated if some form of 
feedforward is envisaged. The reduction of 
the sliding torque gives a reduction in the 
chatter amplitude. Another cause for the 
chatter problem is the difference between the 
applied torque, computed by a crude law, and 
the torque actually required, which is given 
by a complex matrix equation. Morgan et al 
15) tried a compromise law, which had some 
insight from the robot dynamic equations. An 
applied torque more suited to the robot 
requirements, obviously reduces the chatter­
ing. Several studies 14) 16) (7) 114), demon­
strated that chattering could be alleviated 
if the on-off like sliding control law was 
converted to a continuous one, with a 
"proportional band" in the neighbourhood of 
the origin. 

Because the inertial, Coriolis/centripetal 
and gravitational torques are sine and cosine 
coaplex matrix functions, and the variables 
x, x are continuous intime, a closer look at 
the robot manipulator equations 

T=J(xlx+C<x,xl+G(xl (5) 

suggests that a "good guess" for the total 
torque will be a conservative and smooth 
curve. To accomplish such an estimation, a 
smooth torque component Ts, is computed by 
the equation 

Tmljl=Tslj-ll+KTvssljl (6) 

where j-1 and j are consecutive sampling 
instants, K is a gain factor and Tvss is an 
estimated adjustment torque. 

Nevertheless, the total torque may have dis­
continuities dueto the inertial component 
J(xlx. Therefore some form of quick estima­
tion is necessary. These "fast acting" requi­
rements, both for the adjustment torque in 
16) and the inertial one, make necessary the 
computation of a "quick" corrective torque. 
Such a torque can be given by a continuous 
VSS condition Ci=l, ... ,nl 
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:-D,sgn(s, l if abs<s, l>delta, 
CTvss)t.=: (7) 

:-D,s,/delta, if abs(s,l<delta, 

where <Tvsal, denotes the ith component of 
vector Tvss, and delta, and D, define the 
parameters of a proportional/saturation like 
characteristic, namelly D,/delta, iS the gain 
of the proportional part and D, corresponds 
to the value of the saturation part of the 
characteristic. Equations (6) and (7) may 
also be viewed as a standard PI controller 
with a saturation on the proportional 
block. As a result, the total control torque 

vector, at time j, is given by 

Tljl=Tsljl+Tvmsljl 18) 

The overall VSS controller configuration is 
depicted in Fig. 1. 

The calculation of s=<s,, ... ,snl in 17) using 
equation (4) requires x. Usually, only the 
vectors x and x are available from sensor 
measurement; similarly to Morgan 15) method, 
x is computed by the finita differentiation 
formula 

X ( j l = [ x ( j l-x ( j- l l Jf (9) 

where f is the controller frequency in Hz. 
The use of acceleration either from sensor 
measurement <Futami et al 116), Luo et al 
117ll or from the velocity finita differen­
tiation formula, has been shown to be a 
feasible procedure, namely without noise 
problems as long as appropriate standard 
filtering techniques are considered. ln the 
proposed controller the finita differentia­
tion 19) is computed at high sampling rates, 
and no special filtering was required, as 
will be seen in section 3. 

SIMULATION RESULTS 

Based on the previously defined controller 
structure, several position control siaula­
tions were performed, as follows: 
-first an empirical choice of controller 
parameters was made; 
-interactively, the parameters were varied 
and the results compared with expected ones; 
-finally, conclusions were drawn regarding 
robustness, axis decoupling, computational 
burden and controller paraaeter adjust­
ment. 

Although formulae for the deteraination of 
the controller parameters are available 
<Machado et al 118ll, this "black box• or 
empirical controller adjustment, seems more 
efficient when thinking on its implementation 
in an industrial environment. 

ln the simulations a 2R 
!Fig. 2l modal was used, 
by the equations 

robot manipulator 
which is described 

T1=C<m,+mzlr1 2 +mzrz2 +2r1rzmzC3+J,Jxa+ 
+(mzrzª+r1rzmzC3)X4-r,rzazS3X42 - (10) 
-2r1rzmzS3XzX4+m,gr,C,+mzg(r,C,+rzC13) 

Tz=(mzrzª+r,rzmzC3)Xz+(mzrzª+Jz)X4-
-mzr,rzS3Xz2+mzgrzC13 (11) 

With 

xz=x,; X4:x3; C,=cos<x,J; C,3=cos<x,+x3) 
C3=COS(X3); S3=sin(X3) (12) 

Similarly to 13) and (6) studies, the manipu­
lator parameters were set to: 

m,=0.5 Kg; mz=6.25 Kg; r,=1 ■; 

J,=5 Kg■; Ja=5 Kg■ 
ra=0.8 • 

C 13) 

and the position control experiments were 
required to move the manipulator froa the 
initial state 

x,=-2.784 rad; xz=O rad/sec 
X3=-1.204 rad; X4=0 rad/sec (14) 

to the final state 



x1=0 rad; xz=O rad/sec 
x~=O rad; X4=0 rad/sec (15) 

The first choice of controller parameters 
was: 

81=82=2; Wn1=Wnz=lO; K1=Kz=O. 1 
D1=Dz=lOO; delta1=deltaz=lOO ( 16) 

The si ■ulations (Fig. 3) showed rather oscil­
lating convergent trajectories in the phase 
plane. Two atteapts were made to correct that 
behaviour. The da■ping coefficient was doub­
led and the natural frequencies were decrea­
sed one decade. Both situations correspond to 
slower systems, but only the second situation 
showed improvement. This is a natural result 
as it is well known that the reference model 
should have a damping ratio near, but greater 
than the criticai one, to prevent overshoot; 
the ■ajor ■odel restriction lies in the 
natural frequency dueto the limitations on 
the speed of response of the robot. 

Intuitively, one might expect that the second 
link should have larger bandwith performan­
ces. To test this hypothesis a faster second 
order linear system model was tried, as a 
sliding curve for link two, showing an impro­
vement in the resulting performan­
ces. lnteractive simulations revealed that 
higher gains in the switching law (7l could 
achieve more accurate tracking. Nevertheless, 
for very high gains oscillation once more 
resulted, showing that a middle range of 
possible values was the best choice. 

Time plots of the position, velocity and 
torque variables showed two undesirable fac­
tors: 
-A high frequency oscillation at the torque 
curves. This oscillation is filtered, thus 
negligible in position or velocity curves. 
Nevertheless it may excite unmodelled high 
frequency ressonant modes in the mechanical 
structure of the manipulator. 
-During the transient phase, high torques 
were demanded. More conservative values 
should be attained. Comparing the ideal tor­
que curves with the actual ones, it is shown 
that the "filtering action" of the control 
law (6l is responsible for a slower but more 
conservative torque curve. 

Both undesirable performances can be eradica­
ted with a lower gain in the control law (7l. 
As pointed out previously, this implies worse 
phase plane sliding curve tracking. A compro­
mise between these criteria is necessary. 
Also, a somewhat slower second link curve was 
tried; the simulated phase plane results 
(Fig. 4), and time plotted results (Figs. 5 
and 6l show the excellent performance achie­
ved. To test the new VSS controller robust­
ness, severa! simulations were performed with 
different loads; the phase plane results 
(Fig. 7l show the remarkable insensitivity to 
those perturbations. Finally, experiments 
were made with criticai damping ratios i.e. 
e=l; as expected, a more oscillating beha­
viour arose showing that those values should 
be avoided. 

An important aspect that should be highligh­
ted, is the torque versus time results, which 
are frequently overlooked in the literature. 
The PWM like robot demanded torques, that 
correspond to the on-off sliding control law, 
impose either mechanical stress on the robot 
manipulator structure or actuator stress as 
the current (pressurel of the electrical 
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(hydraulicl actuator tries to follow the 
controller torque reference. The proposed 
algorithm eliminates these probleas, as the 
torque curves (Fig. 6) is continuous with 
negligible chattering. 

PATH CONTROL 

This algorithm can be easily generalised 
the path control problem. ln this case 
sliding curve becomes 

s.:x,+28,Wn,X,+Wn, 2 X,­
-(X,d+2B,Wn,X,4+Wn,2X,4):0 

to 
the 

( 17 l 

with x,d, x,d and x,d as the desired values 
for position, velocity and acceleration var­
iables, as given by the trajectory planning 
block. 

CONCLUSION 

A new sliding controller was proposed. Second 
order linear system sliding curves eliminate 
the reaching phase and consequently the asso­
ciated problema of load sensitivity and high 
demanded torque. Moreover, the chattering 
usually present in the sliding phase also 
disappears with the new control law. 

Simulation resulta show a negligible coupling 
between axis, thus enabling an easier and 
more efficient controller adjustment. It is 
also shown that the controller parameter set 
can be easily adjusted, and there is a large 
set of possible quasi optimal values. This is 
of utmost importance, when one thinks of the 
industrial applications of this type of algo­
rithms. 

The experimenta were developed based on the 
position control problem. Nevertheless, gene­
ralization to the trajectory tracking problem 
is trivial. 

ln either case the controller computational 
requirements are low, thus well adapted to 
today's microprocessor based digital control 
technology. 
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Figure 3 Phase plane trajectories for position control 
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Figure 1 The new VSS controller 
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Figure 4 Phase plane trajectories for position control Figure 7 Phase plane trajectories for position control 
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